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SUMMARY
This thesis is concerned with the application of organometallic chemistry to isotopic 
synthesis. The potential of three different areas for the synthesis of isotopically labelled 
compounds is either highlighted or extended.
The use of directed or/^^o-metallation chemistry, and more specifically directed lithiation, 
for the introduction of fimctionality into substituted aromatic systems is reviewed in 
Chapter 1. Alternative directed or/Zio-metallation systems, such as cyclorhodiation and 
cycloiridiation procedures for the regiospecific introduction of hydrogen isotopes into 
substituted aromatics via homogeneous catalytic reactions are also reviewed. The use of 
palladium-catalysed cross-coupling chemistry for the formation of new carbon-carbon 
bonds following reaction between organostannanes and organic electrophiles is reviewed.
In Chapter 2, the use of intramolecular radical transfer processes and their potential for 
the area of isotopic synthesis is considered. Examples of alcohols where this approach 
might offer advantages over conventional approaches (ie. via ketones) are considered.
In Chapters 4 and 5, the synthesis of a 2-trialkylstannyl derivative of A^A-diethyl- 
benzamide, via a directed lithiation procedure, and the characterisation of this product are 
presented. The subsequent use of this model substrate to investigate the synthesis of 2- 
acyl and 2 -alkyl derivatives, via palladium coupling chemistry, on a scale amenable to 
isotopic syntheses is presented and discussed.
The application of a cyclorhodiation procedure for the tritium labelling of a series of 
molecules of pharmacological interest to Fisons is presented in Chapters 4 and 5.
Results of the use of (2-bromophenyl)chlorodimethylsilane as an alcohol protecting group 
and as a means of accessing a-deuteriated alcohols via a 1,5-intramolecular radical 
transfer process are discussed. The application of this approach to the synthesis of [3 a- 
^H] cholesterol is presented.
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CHAPTER 1 
INTRODUCTION
The use of isotopically labelled compounds has played a critical role in our 
understanding of many chemical and biological systems. Both stable and radioactive 
isotopes have been utilized and often considerable ingenuity and creativity have been 
employed in the synthesis of appropriately labelled compounds to assist in these 
investigations. Over the last twenty years, there has been enormous growth in the areas 
of organic synthetic methodologies and new chemical reagents, however, this has not 
necessarily been followed by a rapid uptake of these new techniques in the area of 
isotopic synthesis'. One reason for this is the expense of radioisotopes and stable 
isotopes which encourages conservatism in their use. Consequently, more traditional 
methods of organic synthesis often predominate in isotopic syntheses.
A subject that has experienced a significant growth over this period is that of 
organometallic chemistry. This has long been of importance to the isotopic chemist and 
the application of Grignard and organolithium chemistry has provided one of the 
fundamental tools for the synthesis of labelled compounds^ ' However, the application 
of newer organometallic reagents for the incorporation of isotopes into organic 
compounds has not been extensively developed. Utilisation of the metal as a synthon for 
the introduction of deuterium, tritium and '^C- and ''^C-labelled intermediates via 
electrophilic substitution or radical processes has not been fully investigated for many 
organometallics. This is in contrast to the use of organometallics for the introduction of 
radiohalogens. There are many examples of the use of organosilanes^, germanes^, 
stannanes’, mercurials* and thalliates^ for labelling with isotopes such as fluorine-18, 
bromine-82, iodine-125 and iodine-131. The discrepancy is due in part, to the high 
reactivity and/or low chemoselectivity of many organometallics which often precludes 
their use in the synthesis of target molecules containing complex functionalities or 
reactive functional groups. This is a serious limitation since isotopic syntheses are 
usually designed so that the isotope is introduced late in the synthetic sequence to 
maximise the isotopic yield.
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The ability to introduce an isotopic label into a molecule with high regioselectivity is 
becoming of increasing importance, particularly for isotopes such as deuterium and 
tritium. Traditional methods relied upon the use of hydrogen isotopic exchange reactions 
such as acid- and base-catalysed exchange, heterogeneous and homogeneous metal 
catalysed exchange and radiation catalysed exchange. One major drawback of these 
methods was that they were often non-specific and led to generalised labelling of the 
molecule. This sometimes resulted in the facile loss of label from the more labile sites 
within the molecule, which in turn affected the quality of data from the tracer 
experiments. The ability to guarantee label integrity for the purpose of many studies is, 
therefore, an important consideration.
The application of organometallic procedures, either catalytic or stoichiometric, offers 
opportunities for achieving high regioselectivity during the introduction of isotopic labels. 
Directed or^Ao-metallation is a means of introducing functionality into substituted 
aromatic compounds with high regioselectivity and is well documented in the literature'®. 
The area which has probably received most attention is that of or/Zzo-lithiation; however, 
the high reactivity of these intermediates can be a problem when considering their use as 
labelling substrates. Nevertheless, this defect can be overcome by selecting a more stable 
organometallic intermediate. The synthesis of trialkylarylstannanes via orrAo-lithiations 
has been reported" and the products are stable compounds which can readily be purified 
by distillation or chromatography. More importantly, such stannanes will react with a 
variety of electrophiles either directly (eg. protiolysis/tritiolysis) or indirectly (eg. 
palladium-catalysed coupling of alkyl and acyl halides) to afford orr/zo-substituted 
aromatics. The ability to introduce tritium in an orr/zo-position is particularly important 
since it is considerably less vulnerable then the corresponding meta- and para-positions 
to metabolic oxidation. In this thesis, the potential of this approach will be highlighted 
using a model compound, V,V-diethylbenzamide, to illustrate the possibilities for the 
synthesis of a variety of labelled arf/zo-substituted derivatives via A(V-diethyl-2-(tri-«- 
butyltin)benzamide.
Directed or//za-metallation has also been employed for the regiospecific introduction of 
hydrogen isotopes via simple, one-step catalytic exchange procedures. Rhodium chloride 
has been used to catalyse the hydrogen isotopic exchange of a variety of substituted
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aromatics containing orr/zo-directing groups'^ ‘ In this thesis, the application of the 
cyclorhodiation process has been attempted with a previously untried orf/zo-directing 
group, the tetrazole substituent. This approach has been used to radiolabel a series of 
molecules derived from a research project aimed at identifying novel compounds for the 
treatment of hypertension.
Finally, the use of radical-mediated processes for introducing isotopes of deuterium and 
tritium into a molecule has not been extensively developed. In part, this arises due to 
the lack of suitable halogenated derivatives to assist the formation of an initial radical 
species. Consequently, this makes it difficult to achieve good regioselective control over 
the isotope introduction. Recent reports in the literature'^ have highlighted the potential 
for the use of the (2 -bromophenyl)dimethylsilyl group as an activating group for the 
generation of a-silyloxyalkyl radicals. These species may have significant utility in the 
preparation of ^H-labelled compounds via radical-mediated functionalisation of remote 
molecular sites.
R R R R\  /  \  /
OH In-
R R Br ^  R H
R R R R\  /  \  /
OH RjSn^H Q-'S'
Scheme 1.1: Intramolecular radical translocation
Following the generation of an aryl radical within the protecting group (see Scheme 1.1), 
intramolecular hydrogen transfer (radical translocation) takes place to generate a remote, 
new carbon-based radical centre. This centre can then participate in a standard H-radical
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abstraction process with an isotopic hydrogen source to provide the labelled compound. 
Potentially, this process offers the opportunity for accessing inactivated C-H bonds in 
substrates with high regioselectivity and high stereoselectivity. In this thesis, the 
potential of this strategy is investigated using a number of model labelling substrates and 
tri-M-butyltin deuteride as the isotope source. Although not yet commercially available, 
tri-M-butyltin tritide can be prepared at close to theoretical atom % abundance via a 
number of published procedures'® making this a particularly attractive option for 
radiolabelling otherwise difficult compounds.
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CHAPTER 2 
THE DIRECTED ORTiTO-METALLATION (DoM) REACTION AND 
PALLADIUM-CATALYSED CROSS COUPLING REACTIONS
2.1 The Directed Ortfio-Metallation Reaction
2.1.1 Introduction
In general, the term cyclometallation" describes those reactions of transition 
metal complexes in which a ligand undergoes an intramolecular metallation with 
the formation of a chelate ring containing a metal-carbon a  bond 
(see Scheme 2.1). Within this category of reactions, there is a specific class 
involving the metallation of phenyl-substituted ligands which have been 
frequently described and are termed "directed orf/zo-metallation". There are 
many functionalised aromatics containing heteroatoms in the substituents which 
satisfy the one general stereochemical requirement for orr/zo-metallation, which 
is that of being able to form a four, five or six-membered ring. In general, 
formation of the metal-carbon cr bond occurs more or less readily by direct 
interaction of the ligand and metal substrate, and elimination of hydrogen by 
combination with a suitable leaving group. In most cases, an intermediate 
ligand-metal complex without a metal-carbon a  bond is formed, which may or 
may not be isolable.
H Y
M + H -Y
Scheme 2.1: Cyclometallation reaction
The cyclometallation reaction is facilitated by the choice of a good leaving 
group in the metal complex, which combines with the hydrogen atom displaced
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from the metallated carbon atom. There are few reports of the loss of atoms or 
groups other than hydrogen from the metallated carbon atom.
The majority of transition elements contained in Groups VI-VIII, with the 
exception of technetium, have been reported to form metal-carbon a  bonds; 
examples of elements forming cyclometallated species include rhodium, iridium, 
palladium, platinum and manganese. The particular stereochemistry of Group 
IB elements results in complexes containing formal metallated ligands being di- 
or poly-nuclear. Complexes of this kind containing copper and silver have been 
obtained albeit indirectly. One particular element that has received considerable 
attention is lithium and we will now go on to consider the topic of directed 
lithiation in greater depth.
2.2 The Directed Lithiation Reaction
2.2.1 Introduction
Many synthetic targets, in particular those of interest for pharmaceutical and 
agrochemical preparations, either are benzenoid or incorporate key aromatic or 
heteroaromatic components. Access to these compounds is achieved in a variety 
of ways, examples of which include:
a) functional group introduction into mono- or disubstituted materials eg. 
electrophilic and nucleophilic substitutions.
b) functional group interconversions eg. conversion of diazonium salts, 
oxidations, reductions.
c) attachment of chains either to existing functionality or directly onto the ring 
eg. Friedel-Crafts reactions and Grignard reactions.
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Classic approaches to the synthesis of multiply substituted aromatics often 
involve the application of electrophilic substitution chemistry^^. However, whilst 
these diverse reactions are not to be ignored in synthetic planning, they often 
require harsh conditions and involve the formation of mixtures of regioisomers. 
Moreover, with electrophilic approaches, the preparation of contiguously 
substituted systems (1,2-, 1,2,3-, and 1,2,3,4-) is often difficult and unfavoured.
Many approaches have evolved for the synthesis of 1,2-disubstituted aromatics 
some of which are exemplified in Scheme 2.2.
Electrophilic
substitution
Ortho substitution 
via metal chelation
R
Met/
Sigma-transition metal 
complexes
M et LjIIIY
E+ = h a l \  N O 2 0  RCO
Z = carbon or heteroatom 
substituent
Y = N R , O 
Met = B , Zn
M et =  Pd, Mn, Rh, Ni 
L = ligand  
Y = N H R , N H C O R  
(CH2)„NR2, CH2OH 
C H = N R , GOGH
Pi-arene complexes
( CO ) ^C t
Nucleophilic substitution 
-N u‘
Sigmatropic
rearrangements
X = Cl, F
N u' = reactive carbanions
X = halogen , ^NRj, ^SRj 
Y = C , N  su b stitu en t  
N u' = carbanions
Y = Z = carbon, 
h eteroatom  su b stitu en t
Scheme 2.2: Synthetic Approaches to Substituted Aromatics
-  8 “
The independent discovery by Gilman and Bebb^  ^ and by Wittig and Fnhrman^^ 
that the methoxy group of anisole directs lithiation to an or/Zzo-position initiated 
the systematic investigation of directed metallations. Further work, primarily 
by Gilman^^ and by Hauser^^ expanded the scope of directing substituents to 
include many other functional groups including thioethers^^ amines '^ ,^ halogens^^ 
and alcohols^^. More recently, reports that the oxazoline^^ and tertiary amide^^ 
functions can serve as orf/zo-metallation directors and still retain their structural 
integrity provided a significant extension to this approach. The area of directed 
lithiation chemistry has been the subject of a number of excellent reviews to 
which the reader is referred for a more comprehensive treatment of the subject’®.
2.2.2 General Characteristics
The directed lithiation reaction most often involves the deprotonation of a site 
ortho to a heteroatom-containing directed metallation group (DMG) by a strong 
base, frequently an alkyllithium reagent, leading to an or^/zo-lithiated species ( 1, 
see Scheme 2.3). Subsequent treatment of this intermediate with electrophilic 
reagents yields 1,2 -disubstituted products (2 ).
RLi 
 ►
DMG DMG
2
Scheme 2.3: The Directed Or^Ao-Lithiation Reaction
The current repertoire of DMG’s for or^/zo-lithiation is substantial and they can 
be arbitrarily divided into strong, moderate and weak groups and a qualitative 
evaluation made of their use and potential in synthesis (see Table 2.1).
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Table 2.1: DMG’s for Lithiations in Synthesis: Qualitative Evaluation’®^
Z (pKa) 
Carbon-based
Synthetic
Utility
Z (pKa)
Heteroatom-based
Synthetic
Utility
STRONG
CONR
CSN-R
CONR; (37.8) 
CON(R)CH(Z)TMS 
where Z = H, TMS 
CH=NR 
CH;NHR
(CH;),NR; (> 40.3) 
where n = 1 ,2  
CH(OH)CH;NR; 
CN (38.1)
(38.1)
N'COR (> 40.5)
NCO;R 
OCONR; (37.2)
OCSNR;
0 P0 (NR)2
OCHjOMe
OCH(Me)OEt
OCH20CH2CH;TMS(OSEM) 
OTHP (40.0)
OPh (38.5)SO3R SOjNR 
SO2NR2 (38.2)
SO3-SCjt-Bu
SOr-Bu
MODERATE
CF3
CH(Q-)NR2
N(R)C02- 
NR; (> 40.3)
NC
OMe (39.0)
OCH=CH;
OPO(OR);
0 (CH2);X
where X = OMe, NR;
F
Cl
PO(NR);
PS(Ph)NR;
WEAK
C(OTMS)=CH;
CH(OR);
CH;0-C=C
Ph
R\N-
O (> 40.5)
S'
Si(Ph)(TMEDA);
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The directed lithiation process normally demands the use of powerful 
alkyllithium bases (ie. pKa > 44) in organic solvents in which they exhibit high 
solubility due to association into aggregates of defined structure, typically as 
hexamers (in hydrocarbon solvents) or tetramers-dimers (in basic solvents eg. 
THF or Et2 0 ). On the basis of NMR^ ® and X-ray structure studies^®, 
alkyllithiums are viewed predominantly as bridged structures involving electron- 
deficient bonding arrangements of polar multicovalent C-Li bonds. These, in 
solution, undergo fast equilibrium carbon-lithium and lithium-ligand bond 
exchanges as well as rapid conformational interconversions.
(n-BuLi)^
T M E D A
/ \ ----- -
+
D M G  Li
irreversible 
^ ---------
-(n-BuH )
D M G  H
Scheme 2.4: Formation of alkyllithium monomers and dimers
In hydrocarbon solvents, alkyllithiums are thought to react as aggregates and 
mixtures of aggregate or dissociated species. Addition of basic solvents causes 
dissociation by an acid-base reaction eg. THF coordination to (M-BuLi)  ^ leads to 
solvated (M-BuLi) .^ Furthermore, bidentate ligands, in particular TMEDA, 
effectively break down alkyllithium aggregates, forming monomers and dimers 
in solution (Scheme 2.4) and thereby significantly increase their basicity^’. This 
increased basicity can be illustrated by the observed quantitative deprotonation
- 1 1  -
of benzene by «-BuLi-TMEDA as compared to its nonreactivity with w-BuLi 
alone^ .^
Mechanistically, the directed lithiation process can be viewed as a three step 
sequence involving initial coordination of the (RLi)„ aggregate, often to a 
heteroatom in the DMG. Deprotonation then gives rise to a coordinated ortho- 
lithiated species which finally reacts with an electrophile to yield the product. 
There is now a growing body of evidence to support the view that the ortho- 
lithiated species is stabilized by coordination, this includes thermodynamic data 
which establishes that proton quench of 4-methoxyphenyllithium is 3.6 kcal 
mol ’ more exothermic than that of 2 -methoxyphenyllithium^^.
2.2.3 Nature of the DMG
For a successful deprotonation to occur, the DMG must exhibit somewhat 
contrary properties in that, whilst it needs to be a good coordinating site for the 
alkyllithium, it must also be a poor electrophilic site to prevent attack by the 
strong base used. A heteroatom is therefore a compulsory component of a 
strong DMG. Steric hinderance (C0 NEt2, oxazolino), charge deactivation 
(CON'R) or both (“NCOj-Z-Bu) may be incorporated into the design of the 
metallation director. Using limited data generated on systems containing two 
competing DMGs, it has been suggested that either a "coordination only" or an 
"acid-base" (inductive) mechanism is operating’®^. Certainly the significance of 
these effects has not been systematically correlated with fundamental Lewis 
acid-base and electronic principles for modem DMGs. For some substituents, it 
is clear that inductive effects play the major role in or^/zo-deprotonation eg. 
fluorobenzene and benzonitrile since neither can achieve normal coordinatively 
stabilized orfZzo-lithiated intermediates. For other DMGs, pKa measurements, 
which reflect mainly inductive effects, show little variation, whilst the 
observation of a variation in rates for different DMGs is common, thereby 
suggesting that differential coordination under the kinetic conditions normally 
used in synthesis determines the relative metallation priorities.
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2.2.4 Hierarchy of DMGs
The relative orZ/zo-directing abilities of various DMG’s has been the subject of 
much investigation^'’. The majority of the data generated to date has been of the 
type whereby intramolecular or intermolecular systems containing two 
competing DMG’s are evaluated to determine which DMG is the better director. 
Interpretation of competition results must take into account steric and inductive 
effects that affect aggregation and complexation of alkyllithium reagents and 
formation of or//zo-lithiated species. This is especially true for the 
intramolecular competition experiments. There are still, however, a number of 
observed inconsistencies and further work is required to resolve these and to 
understand quantitatively the relative hierachy of DMG’s. A summary of the 
available intermolecular (Scheme 2.5) and intramolecular results (Scheme 2.6) is 
given below and this can be used as a guide for formulating synthetic strategy.
Intermolecular competition 
O'
‘N vs.
DMG
n-BuLiA’HF/-45°C
Li
DMG = SO 2N R 2 > CO NR 2 (s-BuLi) > oxazolino > CON'R (HM PA)
SO,-t-Bu ^DMG
vs. n-BuLi/THF/-78°C
Li
DMG = S 0 2 -t-Bu > C0 N(i-Pr)2 , O CO N(i Pr);, OMOM > N t BOC (t-BuLi) 
Scheme 2.5: Intermolecular competition results '^”’
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Intramolecular competition:
n*B uL i/various c o n d it io n s
D M G"'"^-'Li
D M G  = SO 2N R 2, SO ^'N R , C O N 'R , CH gN R g > O M e > C H 2C H 2N R 2, N R 2, CF3, F 
.C O N E t.vyi  i->t2
s-BuLi/TM EDA/THF/-78°C
D M G   ^ LI
D M G  = CON'R > C O N R 2 > o x a z o lin o  >  S O 2N R 2 , S O 2N  R , CH2 NR2 , O M e, Cl 
.O C O N E t.
D M G
^  ^  I  JJ/t2
s-BuLFTMEDA/THF/-78°C
D M G  = O C O N E t2 »  C O N E t2 »  O M O M  > O M e, Cl 
D M G
S0 2 't-Bu
n-BuLi/THF/-78°C
Li
D M G  = O C O N E t2 (t-B uL i) >  S 0 2 't-Bu > C O N E t2 , O M O M , N  t B O C  
Scheme 2.6: Intramolecular competition results^ '*”’
It is worth highlighting the cooperative effect of 1,3-interrelated DMGs in 
promoting metallation at their common ortho-sitQ. There are many instances 
where metallation takes place exclusively at the common site and this can be 
used to good effect synthetically. Examples of this are: CONR2/OCH2OCH3 and 
CH2OVOCH2OCH3"".
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2.2.5 Practical Aspects
The inert atmosphere/low temperatnre/syringe techniques used in directed 
lithiation reactions are typical of modem operations in organometallic chemistry; 
however, there are a number of drawbacks that face the isotopic chemist when 
contemplating directed lithiation chemistry as a direct route to labelled 
compounds. Firstly, the actual preparation of the orfZzo-lithiated species can 
show considerable variability in yields unless rigorous attention is given to the 
purification of reagents and drying of equipment etc. This makes the likely 
outcome of a particular reaction somewhat unpredictable which is not the ideal 
situation an isotopic chemist would wish to face when committing a very 
valuable and scarce labelled precursor. Secondly, quenching of the ortho- 
lithiated species is often carried out with a large excess of the electrophilic 
species, again a luxury the isotopic chemist can ill afford. Finally, whilst the 
regioselectivity of directed lithiation is normally very high ie. >95%, the 
separation of small amounts of unwanted regioisomers from the crude isolated 
products can present a significant challenge.
With these limitations in mind, directed lithiation chemistry was too 
unpredictable as a means of introducing labelled species directly and efficiently 
into aromatic systems given the high cost normally associated with these 
syntheses. However, this chemistry could be used to provide access to a suitable 
intermediate in which an appropriate electrofugal group had been introduced 
with good regiospecificity. Variable yields and poor regioselectivity can be 
accommodated as long as it is possible to separate the desired regioisomer from 
the reaction mixture. Replacement of the electrofugal group by a suitable 
labelled electrophilic species may then proceed using chemistry which is 
efficient, high yielding and more reliable. Moreover, the introduction of the 
labelled moeity may be delayed until later in the synthesis, thereby reducing the 
number of synthetic steps involving the isotope. The work by Stille on the 
palladium-catalysed cross-coupling reactions of organostannanes and a variety of 
organic electrophiles offered excellent prospects for achieving the latter objective 
and this area is reviewed later in this chapter.
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In the light of the above rationale, directed lithiation chemistry was utilised as a 
means of introducing a trialkyltin group into an aromatic system containing an 
appropriate DMG. The subsequent displacement of the stannane group was then 
studied either directly using or indirectly, using palladium-catalysed cross­
coupling chemistry, with two common, readily available labelled electrophilic 
species, or C^HjCOCl (Scheme 2.7).
DMG DMG
i) RLi 
 ►
ii) RgSnCl 
Scheme 2.7: DoM/Pd-Coupling Strategy
QSnR, Pd(0) DMG
2.2.6 The Aromatic Tertiary Amide as a DMG
It was Hauser^^ who first observed that A,A-dimethylbenzamides undergo attack 
by alkyllithiums to give the aryl alkyl ketones. Beak and coworkers^*’^ pursued 
this observation and demonstrated that when A,A-diethylbenzamide (3, see 
Scheme 2.8) was treated with LiTMP, N-diethyl-2-benzoylbenzamide (4) was 
obtained, a result that implies the formation of an or^Ao-lithiated intermediate.
4
Scheme 2.8: Formation of A,iV-Diethyl-2-benzoylbenzamide
In general, orfAo-lithiated dimethylbenzamides cannot be generated except by 
metal-halogen exchange or with the assistance of co-operative {meta-OK DMGs) 
or steric hinderance {ortho-OK DMGs) effects. Clean orf/zo-metallation is
- 16 -
observed for diethyl- and diisopropylbenzamides hov/ever. The tertiary amide 
group has been used to introduce a diversity of electrophiles into aromatic 
systems in good to excellent yields. Examples of some of the electrophiles that 
have been used include: Mel, TMS Cl, Bu^SnCl, Brz, DMF, CO2, ClCOzEt, 
(MeS)z and PhNCO.
Unfortunately, one of the main difficulties associated with the use of N,N- 
dialkylbenzamides as a DMG is their resistance to both acid and base hydrolysis 
(stable to refluxing 16 M HCl for 72 h). Consequently the use of CONEtj as a 
DMG for example, is seriously limited. It is possible, however, to obtain 
anchimeric assistance by the orfAo-introduction of an electrophile capable of 
forming a five- or six-membered-ring tetrahedral intermediate that can greatly 
enhance amide hydrolytic rates^ '^"' For example, or//20-hydroxyalkylated 
products of directed lithiation reactions may be hydrolysed under relatively mild 
acidic conditions to yield the phthalides^^^.
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2.3 Hydrogen Isotope Exchange via Cyclorhodiation and Cycloiridiation
Processes
2.3.1 Introduction
Directed or//2o-metallation is not only confined to the generation of ortho- 
lithiated species and there has been a substantial amount of work in other areas 
of organometallic chemistry where orr/zo-metallation is a key step. Of particular 
interest to the isotopic chemist are systems in which the activation of a carbon- 
hydrogen bond is achieved. There are examples where specific ortho- 
hydrogen/deuterium exchange is observed when complexes such as 
RhCl[P(OPh)3]3 or RuHCl(PPh3)3 are treated vdth deuterium^^. This has been 
extended to the catalytic or//2o-deuteriation of phenol using RuHCl[P(OPh)3]4 
which incorporates a cycle involving consecutive metallation/demetallation 
reactions. Two homogeneous catalytic systems which have found particular 
application in the regiospecific labelling of a variety of aromatic molecules via a 
directed metallation mechanism are known to proceed via a cyclorhodiation and 
cycloiridiation process. These will be considered briefly below.
2.3.2 Or^/fo-exchange labelling of substituted aromatics using rhodium trichloride
The regioselective deuterium and tritium labelling of substituted aromatics using 
Group VIII metal catalysts has received considerable attention over the last 15 
years. Rhodium trichloride has been shown to catalyse the or/Ao-deuteriation of 
aromatic carboxylic acids'^. Analogous to the orf/zo-lithiation system, the 
regioselectivity observed is due to initial coordination of the catalytic rhodium 
species with the non-bonding electrons of a heteroatom in the directing group 
(see Scheme 2.9).
Evidence for the existence of such species is supported by X-ray crystallographic 
data obtained for cyclometallated complexes of benzoic acid with rhodium and 
iridium'^ ®.
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Scheme 2.9: Cyclometallated rhodium complex
The best reaction conditions for labelling aromatic carboxylic acids using 
rhodium trichloride involve running the reactions in DMF using one equivalent 
of substrate, 0.5 equivalents of catalyst and deuterium oxide at 108“C for 18 - 
24 hours. These were found to be sufficient to give good incorporation of 
deuterium and to afford a product of high purity after a simple work up 
procedure. Using these conditions, other functional groups have been 
investigated and the CONR2, CH2NH2 and NHCOR groups have all been found 
to direct orfAo-deuteriation with the same high regiospecificity^^' The 
percentage deuteriation, however, does decrease with increasing substitution on 
the functional group (see Table 2.2). These results strongly suggest that 
substitution of the functional group results in steric inhibition and reduces the 
ability of the heteroatom to coordinate to the metal centre and therefore act as a 
directing group.
It might be expected that other metals possessing coordination chemistry 
resembling that of rhodium could also be capable of catalysing selective ortho- 
deuteriation. Table 2.3 shows that, in addition to rhodium trichloride, a wide 
range of other catalysts promote or//zo-deuteriation with high regiospecificity (ie. 
> 9 8 % ) Iridium trichloride and rhodium trinitrate, whilst active catalysts, were 
only able to promote orf/zo-deuteriation with reduced regiospecificity (ie. 90- 
95%). Compounds such as C0 CI2, PdCl2, PtCl2, Rh(acac)g, Pd(acac)2, and 
Rh(0 Ac)2 were inactive, whilst KzPfCl ,^ OsClg, FeClj, (Ph3P)3RhCl and PtCl^ 
decomposed so rapidly under the standard conditions, that no catalytic activity 
was observed.
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Table 2.2; % Deuteriation of substituted aromatics^^
Reaction conditions:-
Substrate (75 mg), rhodium trichloride (30 mg), (750 p,l), DMF 
(750 i^l) at lOTC for 18 h.
Substrate % Deuteriation
Benzamide 93
A-Methylbenzamide 95
A-Benzylbenzamide 80
N, A-Diisopropylbenzamide 15
Benzylamine 34
A-Methylbenzylamine 9
Acetanilide 94
7*/-Methylacetanilide 1
Studies of the kinetics and mechanism of the detritiation of a number of labelled 
substrates catalysed by ruthenium(III) acetylacetonate have been performed'*
This catalyst was chosen in preference to rhodium trichloride which proved to 
be too labile for kinetic work and degraded under the experimental conditions 
used. The reaction was found to be first order with respect to both catalyst 
concentration and substrate concentration. The rate of detritiation was found to 
vary very little for a range of para-substituted benzoic acids (p-NOz, p-Cl and p- 
CH3). A plausible mechanism for the detritiation of the substituted benzoic 
acids is given in Scheme 2.10.
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Table 2.3: Comparison of active catalysts*^
Reaction conditions
Substrate (75 mg), catalyst (30 mg), (750 pi), DMF (750 pi) at 107“C for 
18 h.
Catalyst Substrate % Regiospecificity
FU1CI3.3 H2O sodium benzoate 99.5
RUCI3 sodium benzoate 98.0
IrCl3.3H20 sodium benzoate 90.0
Ru(acac)3 benzoic acid 98.0
Rh(N03)3 sodium benzoate 94.0
Ru(Ph3P)3Cl2 benzoic acid 98.0
The most effective directors of orfAo-exchange all have the required geometry 
for the formation of small ring, preferably five-membered, cyclometallated 
species involving the ortho-nng carbons. Lowering the pH is found to reduce 
the detritiation rate which suggests that the anionic form of the substrate has the 
highest reaction rate. This observation is also supported by the fact that methyl 
benzoate cannot be tritiated using either ruthenium(III) acetylacetonate or 
rhodium chloride.
2.3.3 Or//ra-exchange labelling of substituted aromatics using 
[IrH3(Me,CO)2(PPh3),]BF4
Recently, the use of a homogeneous complex, [IrH2(Me2CO)2(PPh3)2]BF4, has 
been shown to promote the efficient and regioselective exchange of a number of
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Scheme 2.10: Detritiation mechanism (S = solvent)
substituted aromatics with deuterium gas'^ ;^ this complements the cyclorhodiation 
process which uses either deuterium oxide or tritium oxide as the isotopic 
source. Once again, the mechanism is believed to be via initial reversible 
coordination of a heteroatom to iridium (5, see Scheme 2.11) that occurs by 
displacement of the loosely coordinated solvent molecule. Subsequent insertion 
of the iridium centre, into the ortho C-H bond of the bound ester (6), with 
concurrent loss of the second solvent ligand, constitutes the oxidative addition 
step.
All three hydrogens could be retained in the complex as a hydride ligand and a 
dihydrogen ligand and there is precedence for this as such complexes are 
known'* ’^ Moreover, such complexes are fluxional'* ,^ with the hydrogens
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Scheme 2.11: Cycloiridiation mechanism
exchanging easily with each other and with atmospheric hydrogen. The 
regioselectivity of deuteriation using this catalyst and a number of /^-substituted 
ethyl benzoate esters and 7V-dimethyIbenzamides is high, even in the presence 
of other moderate directing groups such as trifluoromethyl, chloro and methoxyl 
(see Table 2.4).
No incorporation of deuterium in the w-position could be detected by ‘H-NMR 
except where indicated. Nor was the ethyl ester group labelled to a detectable 
degree. In the case of the jV-dimethylbenzamides, the presence of a few 
percent of trideuterio species observed in the mass spectra of the products 
suggests that some deuterium was incorporated into the #-methyl groups.
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Table 2.4: % Deuteriation of some substituted benzoate esters and 
benzamides'* ’^’
/>-Substituent % deuterium in o-position
Ethyl benzoate 
esters
OCH3 90%
O.COCH3 65-70%
Cl 90%
COOC2H5 65% (+ 65% at m-position)
CF3 50%
A ,^7V-Dimethyl-
benzamides
OCH3 55-60%
F 60-65%
Cl 65-75%
CF3 50-60%
The observation that both electron-withdrawing and electron-donating groups 
accelerate the rate of deuteriation is inconsistent with simple aromatic 
electrophilic or nucleophilic substitution mechanisms being involved in the rate 
determining step. It is also not clear from the data reported whether the initial 
coordination step or the oxidative addition-reductive elimination stage, or the 
exchange of hydride ligands with atmospheric deuterium determines the rate of 
substrate deuteriation. However, results obtained for a series of p-substituted 
benzophenones (X = CF3, Cl, Me, OMe; see Scheme 2.12) do show that at early 
time points, it is the substituted ring that labels preferentially which implies that 
it is some aspect of the oxidative addition-reductive elimination sequence that is 
rate determining (see Table 2.5). The fact that substituted phenyl rings 
containing groups capable of donating electron density back into the ring, either 
inductively or mesomerically (eg. OMe, Me, Cl), show an enhancement in the 
rate of oxidative addition could be attributed to the electrophilic nature of the 
iridium species. However, why an inductively electron-withdrawing group such
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as, CF3, should show a similar enhancement is not clear. Neither a single 
homolytic or heterolytic mechanism is sufficient to explain these results. The 
observation that with increased reaction times, this selectivity is removed, argues 
for a degree of reversibility in the reaction.
IrH2(Me2CO)2(PPh3)2]BF4 
2H
Scheme 2.12: Competitive deuteriation of /^-substituted 
benzophenones
Table 2.5: Deuteriation of monosubstituted benzophenones
X = CF3 Cl Me OMe
25 min 1.4’ 1.6 1.3 2.1
1 .8 ' 2 .0 2.1 2.2
55 min 1.3 1.2 1.1 1.4
2 .2 2.4 2 .6 2.4
24 hr 1.0 1.0 1.0 1.0
3.2 3.3 3.4 3.4
Note: 1. Ratio of substituted:unsubstituted. 2. Total in molecule
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2.4 Palladium-Catalysed Cross-Coupling Chemistry
2.4.1 Introduction
There are relatively few basic reaction types that generate a new carbon-carbon 
bond, although this is one of the most important operations in organic synthesis. 
Group VIII transition metals, and in particular nickel and palladium, are 
effective in the cross-coupling of organometallic reagents with organic halides 
and related electrophiles.
M'
R -M  + R '—X --------► R - R ’ + M -X
For this coupling reaction to be useful, it should be straightforward and require 
only a small amount of catalyst. Moreover, the reaction conditions and reagents, 
particularly the organometallic partner, should tolerate a wide variety of 
functional groups so that tedious protection and deprotection reactions are not 
necessary. Of the organometallic partners that are available, many are highly 
reactive and will not tolerate sensitive functionality on the coupling partners. 
Furthermore, they can often be difficult to prepare, many are air or moisture 
sensitive, and few can be purified and stored over extended periods.
However, various organometallic reagents have been used in coupling reactions 
with varying levels of success. Thus organolithiums and Grignard reagents have 
been used, although they will not tolerate a wide variety of functional groups on 
either coupling partner eg. ketone, ester, amide. High conversions are often 
unobtainable as a consequence of side reactions, such as homocoupling of the 
organic halide. Organocopper reagents have been somewhat more successful, 
although the methods of synthesis of these reagents precludes the presence of the 
more reactive functional groups on the organocopper partner. Reactions of 
organometallics from metals of intermediate electropositive character eg. zinc 
and mercury, generally leads to higher yields of coupled products and fewer side 
reactions.
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Some of the most versatile organometallic reagents used in palladium-catalyzed 
coupling reactions are organostannanes. These compounds may be synthesised 
easily by a number of general strategies including the reaction of trialkylstannyl 
anions with a variety of organic electrophiles'’®. Alternatively, trialkyltin halides 
and sulphonates may be displaced by common nucleophilic agents, including 
Grignard, organolithium and organoaluminium reagents'’'. A wide variety of 
reactive functional groups may be incorporated into the organostannane although 
this is somewhat more limited in the case of the latter approach.
Organostannanes are not air or moisture sensitive and can be readily purified 
using distillation or chromatographic techniques.
2.4.2 Coupling reactions of organostannanes and organic electrophiles
The coupling reaction of organostannanes and organic electrophiles catalyzed by 
palladium takes place under mild conditions and in high yields. A wide variety 
of organic halides and organostannanes can be coupled either directly, or in the 
presence of carbon monoxide, to yield the corresponding ketone (see Scheme 
2.13). Moreover, a wide variety of functional groups is tolerated (eg. CO^R,
CN, OH, and even CHO) in either partner. The reaction is also regioselective in 
coupling reactions of allyl partners and occurs stereospecifically with inversion 
of configuration at sp  ^ carbon centres bound to tin and/or halogen. Usually the 
geometry of the double bond is retained regardless of in which reactant it 
occurs.
In the coupling reaction, essentially only one of the groups on tin is involved. 
This is not a problem, however, since different groups aie transferred from tin 
with different selectivities, the simple alkyl group having the slowest transfer 
rate. The order of reactivity in the transmetallation of organostannanes has been 
found to be PhC^C > PrC=CH > PhCH=CH, CH2=CH > Ar > allyl, benzyl > 
MeOCHj > Me > Bu indicating that a substantial amount of charge is borne by 
the migrating group.
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Â ,
R
R" [X = Ci, Br]
ArylCHj—X
[X = CI, Br]
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H -SnR ,
R'- ■SnR,
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R" SnR-,
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R" X
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Aryl— X
[X = Br, I]
ArylCHg—SnRg 
R'
SnR3
R”'
C O ,R
H
R' X
[X = Br, I]
ArylCH;—SnRg
Scheme 2.13: Selection of coupling partners
Whilst it is conceivable that a second substitutent might transfer from RjSnCl, 
this process is 100 times slower than the initial transfer®' .^ Moreover, the 
reaction is normally performed with equimolar amounts of the organic halide 
and the organostannane, further minimising the problem. R2SnCl2 and RSnClg 
do not undergo coupling reactions.
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2.4.3 Mechanism of palladium-catalysed cross-coupling reaction
The mechanism of the coupling reaction of organic halides and tetrasubstituted 
organostannanes has been extensively studied by Stille'’® and is depicted in 
Scheme 2.14. This considers the mechanism of the coupling reaction of acyl 
halides with organostannanes, although it applies equally for other organic 
halides and organic electrophiles. In the case of organic halides, if the reactions 
are performed under an atmosphere of carbon monoxide, then carbonyl insertion 
can take place giving rise to the acylpalladium complex.
1
Solvent
Ligand
9 c
PdLRi (solvent)
Ligand
Solvent
PdL,
1
B
O
R -^ C l
o
PdClL
2
ClSnRj
Scheme 2.14: Mechanism of palladium-catalysed coupling reactions
Palladium(O) complexes are well known to suffer oxidative addition of acyl 
halides to afford an electrophilic palladium(II) species which is subject to 
nucleophilic attack by various organometallics. The rapid rate of the oxidative 
addition of palladium(O) to an acid chloride has been attributed to the extended 
bond length and highly polarized nature of the carbon-chlorine bond"^ .^ For the 
oxidative addition of tetrakis(triphenylphosphine)palladium(0 ) and benzoyl 
chloride, a half-life of 10 minutes at -40“C has been measured^®.
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2.4.4 Effect of catalyst
Palladium(O) is essential for oxidative addition to occur; however, large effects 
on the rate of reaction may be observed according to the degree and type of 
ligation around the metal. For example, whilst electron-donating ligands, such 
as triarylphosphines, tend to make palladium more nucleophilic, they also 
increase steric interaction with the substrate. Palladium(O) catalysts are also air- 
sensitive which can lead to handling problems. Consequently, it is often 
beneficial to introduce the catalyst as a palladium(II) species that is more stable 
to air. This species is then reduced by one of several mechanisms to a suitable 
form of solvated or ligated palladium(O) which undergoes reaction. An excellent 
catalyst precursor for the acylation of organostannanes by acid chlorides is 
benzyl(chloro)bis(triphenylphosphine)palladium(II) which is formed by the 
oxidative addition of tetrakis(triphenylphosphine)palladium(0 ) to benzyl 
chloride^ \
As indicated previously, the actual acylation catalyst is generated by the 
sacrificial transmetallation of the organostannane to form a new palladium(II) 
complex with the elimination of a trialkyltin halide (see Scheme 2.15).
Reductive elimination of a small amount of benzylated adduct affords the 
coordinatively unsaturated and highly nucleophilic catalyst, 
bis(triphenylphosphine)palladium(0).
+R*SnRg
PhCHjPdLjCl ------- ► PhCHjPdLjR* ------- ► PdLj
-RjSnCl -R*CH2Ph
Scheme 2.15: Formation of palladium(O) catalyst
Tetrakis(triphenylphosphine)palladium(0) will also catalyse the reaction, but the 
reaction rate is significantly depressed over those seen with the palladium(II) 
catalysts'^*’ This is true even though it is the same coordinatively unsaturated 
complex, Pd®(PPh3)2, that is responsible for catalysis in both cases and which is 
formed by the dissociative process shown below.
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Pd“(PPh3)4  ----------   Pd"(PPh3)2 +  2PPh3
Indeed, if additional triphenylphosphine is added to reactions catalysed by the 
benzyl(chloro)bis(triphenylphosphine)palladium(II), this results in a deceleration 
of the oxidative addition process as a result of the law of mass action.
2.4.5 Effect of solvent, catalyst concentration and oxygen
Several other factors have been found to affect the rate of the acylation process, 
including an acceleration by oxygen and by polar solvents such as HMPA. 
Following oxidative addition of the acid chloride to afford a trans- 
acylpalladium(II) complex, this can in principle revert by the loss of carbon 
monoxide. Consequently it can be advantageous to run the reaction under an 
atmosphere of carbon monoxide.
The concentration of the catalyst has been shown to have a critical effect on the 
initial rate of the reaction. Surprisingly, high catalyst concentrations do not 
accelerate the reaction and are only slightly more effective than low catalyst 
concentrations; an optimal concentration of about 0.7 mmol 1'^  has been 
determined^^ (see Table 2.6). The exact reasons for this are not clear, however, 
it is known that benzyl(chloro)bis(triphenylphosphine)palladium(II) will dimerize 
as indicated below^% thereby liberating two moles of triphenylphosphine which, 
as discussed earlier, does reduce the rate of reaction.
PhCHz^ Cl ^PPhg
2  PhCH2Pdn(PPh3)2Cl ------- ► Pd Pd + 2 PPh
PhjP Cl CH^Ph
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Table 2.6: Effect of catalyst concentration on reaction rate
Catalyst 
(mol r* X 10^)
Turnover number Initial rate 
(mol 1’’ X 10^)
tVa (minutes)
0 .8 6 6 14925 30.72 125
1.73 7692 76.80 60
6.94 1852 172.80 38
8.30 1563 70.40 50
30.4 422 46.08 128
75.5 170 40.96 115
149.4 86 42.24 120
The mode by which oxygen accelerates the catalytic process is uncertain. It has 
been proposed that oxygen initiates a radical-based oxidative addition to 
palladium that is several orders of magnitude faster than the alternative 
nucleophilic displacement occurring largely under inert atmosphere^^. 
Predictably, the addition of radical scavengers to the reaction override the rate 
enhancement due to oxygen. It is possible that at least two mechanisms are 
active during the oxidative addition step. One path involves nucleophilic 
addition, displacement of chloride with the formation of a possible cationic 
metal complex (7, see Scheme 2.16) followed by rapid collapse to an 
acylpalladium halide complex (9). The second path may involve halide 
abstraction, electron transfer to form a radical pair (8) which can collapse to 
form the acylpalladium halide complex (9).
Initially it was believed that a polar solvent such as HMPA was a requirement 
for the reaction, however, subsequent work has shown that even less polar 
solvents such as chloroform can be used with only a small decrease in yield and
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Scheme 2.16: Possible mechanisms for the oxidative addition step
reaction rate^ '^ ; this also makes the work-up considerably simpler. Other solvents 
which have been used in the coupling reaction include tetrahydrofuran and 
acetone.
The enhancement of rate observed with polar solvents is thought to originate in 
the transmetallation and reductive elimination sequence (see Scheme 2.14). In 
the absence of excess triphenylphosphine, kinetic studies have shown that the 
transmetallation of the tin substituent is rate limiting for reactions catalyzed by 
BnPd“(PPh3)2Cl. Studies using ‘^P-NMR^^ showed the disappearance of the 
resonance at ô 28.7 due to BnPd“(PPh3)2Cl whilst a new resonance at 6 19.8 
appeared corresponding to the species, acylPd"(PPh3)2Cl (A, see Scheme 2.14). 
The build up of this intermediate was interpreted as evidence that the 
transmetallation step was rate-limiting. No resonances due to the 
acylarylpalladium species (B and C, Scheme 2.14) were observed, intimating 
that the reductive elimination step was not rate-limiting. Moreover, none of the 
presumed palladium(O) catalyst species, (PPh3)2Pd° was observed, also 
demonstrating that oxidative addition was not rate-limiting.
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2.4.6 Reductive elimination
Reductive elimination from the acylpalladium(II) complex is generally an easy 
process. The rate is influenced by the solvent polarity and added 
triphenylphosphine. Taking the example in Scheme 2.17, reductive elimination 
has been shown to be faster than the (3-elimination of palladium hydride from 
the acylalkylpalladium(II) intermediate (10, Scheme 2.17) in both chloroform 
and HMPA"".
O O
P h ^ C l  "
Bu^Sn H HPhCO"?^-L
10
P h ^ H
+
Scheme 2.17: Reductive elimination step
For reductive elimination to occur, this must be preceded by a trans-cis 
isomérisation involving a coordinating solvent or phosphine ligand to give a five 
coordinate state. This is then followed by pseudorotation and dissociation of a 
ligand to give the cw-product"^“. Compounds such as ?ra«.y-bis(diphenyl- 
methylphosphine)dimethylpalladium do not isomerise to the cw-complex in 
relatively non-polar solvents such as benzene or tetrachloroethane, even at 
elevated temperatures. Consequently no elimination of ethane occurs. However, 
for the same compound in more polar, coordinating solvents such as 
tetrahydrofuran and dimethylformamide ethane is produced.
By effectively placing the migrating groups on adjacent sites, the palladium 
complex is set up for 1,1 reductive elimination. This is believed to occur via a 
tricoordinate species and support for this is derived from the fact that addition of
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triphenylphosphine results in rate retardation. This would be expected if ligand 
dissociation is a necessary step prior to reductive elimination (see Scheme
2 .18f .
L. RPd 
L R
-L k  RPd
R
SolvIPd
L
L. RPd 1 
R
L
PdISolv
+
Solv
RIR
Scheme 2.18: Mechanism of reductive elimination
The rates and thermodynamics of the 1,1 reductive elimination of ethane from 
c/5-bis(diphenylmethylphosphine)dimethylpalladium(II) in a number of solvents 
has been investigated"^^ (see Table 2.7). The lower energies of activation and 
slower rates for those eliminations in polar coordinating solvents are a reflection 
of the large negative entropies of activation. These large negative values are 
consistent with an elimination reaction that produces a coordinatively 
unsaturated palladium(O) complex, L2Pd(0 ), and a late transition state having 
some characteristics of the product. Thus, an ordering of coordinating solvent 
by palladium appears to be taking place as it proceeds to the zero-valent 
complex. Since this reaction takes place prior to dissociation of phosphine, the 
observed activation energy is the sum of an endothermie ligand dissociation and 
the elimination of ethane. Coordination of solvent to the product to give L2PdS„ 
(S = Me2S0 , acetone, acetonitrile) lowers the energy of the b; orbital in the 
product and thus the activation energy for reductive elimination.
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Table 2.7: 1,1 Reductive elimination of ethane from (Ph2 Me)2 Me2 ?d
Solvent 10" K, s'^  (60°C) Eg, kcal mol'i AS^’"“
Me2SO-c?^ 1.7 6 .0 0 -61
MejCO-Jg 1.6 10.6 -46
CD3CN 2.7 10.5 -45
12 27.4 8 .2
C6D6 10 25.0 0.5
As palladium obtains two electrons from the displaced groups during the 
reductive elimination phase, strong a-donation from these groups 
is more important than continued electron donation from a phosphine. In fact, 
strongly donating phosphine ligands tend to reduce the rate of reductive 
elimination by keeping the electron density on the metal relatively high"®.
The end of the reaction is signified by the precipitation of metallic palladium as 
bis(triphenylphosphine)palladium(0) undergoes disproportionation in the absence 
of the acid chloride.
2  Pd(PPh3)2 Pd(PPh])4  + Pd
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CHAPTER 3 
ISOTOPIC LABELLING VIA A 1,5-INTRAMOLECULAR 
RADICAL TRANSFER PROCESS
3.1 Introduction
Recent interest in the translocation of radical sites via 1,5-hydrogen atom 
transfer has now been extended to the area of isotopic synthesis. The synthesis 
of deuteriated rapamycin (Figure 3.1)^ *^’ using this approach has highlighted an 
opportunity that could offer significant potential to the isotopic chemist.
O H
0 CH3O H
O H
O C H 3
Figure 3.1: Structure of rapamycin
Trialkyltin hydrides are frequently employed in free radical-based synthetic 
methods to facilitate chain reactions. The tin-hydrogen bond readily undergoes 
homolysis with initiators present eg. chemical, thermal or light to give rise to a 
trialkyltin radical which can in turn react with a wide range radical prercursors 
containing carbon-heteroatom bonds.
Unfortunately, carbon-hydrogen bonds, by far the simplest "radical precursors", 
cannot be directly utilised since the transfer of hydrogen atoms to tin radicals is 
significantly endothermie. However, a number of recent reports^^’ have
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highlighted how carbon radicals may be produced indirectly from carbon- 
hydrogen bonds via generation of an initial radical at a remote site. The site of 
the radical is then translocated via an intramolecular 1,5-hydrogen atom transfer 
prior to the subsequent chain-transfer. This approach has now been employed to 
carry out many different reaction types.
Standard radical additions have been performed using 2-halobenzamides which, 
following initial generation of the aryl radical, undergo a 1,5-intramolecular 
transfer followed by addition to afford the a-substituted product. Snieckus and 
Curran^^*' have shown that for a series of symmetrical 2 -bromobenzamides, when 
subjected to standard tin hydride conditions [BujSnH (2 eq.), AIBN (5 mol%), 
in refluxing benzene (0.02 M)] in the presence of methyl acrylate (5 eq.), the a- 
substituted products were obtained in 68-91% yields. Unsymmetrical amides 
similarly led to a-substituted products in lower yields together with considerable 
amounts (>30%) of reduced products (see Scheme 3.2).
Bu,SnH/AIBN
,NBr O MeO
MeO 
PhH/reflux
where R = H, CH3, (CH 2)2 , (CHz)]
Scheme 3.2: Synthesis of a-substituted amides
Curran^’"^ has further shown that 2 -iodoanilides offer similar possibilities for 
conducting radical addition reactions (see Scheme 3.3). Radical allylation of the 
P-hydroxyanilide introduces the allyl group a  to the carbonyl. When this is 
carried out under Keck’s^ * standard thermal conditions (80°C), an inseparable 
mixture of the anti- and syn-isomers are obtained in a ratio of 86:14. Whilst
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using Keck’s standard photolytic conditions (25°C) the anti-/syn- ratio increased 
to 93:7 and the product was isolated in 64% overall yield.
RO
SnBu
RO
+ RO
where R = H or Ac 
Scheme 3.3: Radical addition of the allyl group
Curran has further exploited this approach in radical cyclisations where the 
use of a silyl ether protecting group also serves as an activating group for the 
generation of a-silyloxyalkyl radicals. These in turn undergo cyclisation to 
afford a mixture of cis and trans isomers. This is illustrated in Scheme 3.4 in 
which the 5-exo product is favoured, the isomers being obtained in a ratio of 1:1 
and in 62% overall yield.
OV
Br
Bu.SnH/AIBN
OSiMezPh
wvCHzCOOgEt
Scheme 3.4: Radical cyclisation of 1,2-disubstituted cyclopentanes
The strategy of using a protecting group that can also function as a radical 
precursor can be employed for a number of functional groups. This section 
considers the use of (2 -bromophenyl)chlorodimethylsilane as a protecting group 
for 1 ° and 2° alcohols and the activation of this functional group for the 
generation of a-silyloxyalkyl radicals. The potential this system offers for the
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regiospecific incorporation of hydrogen isotopes directly into substrates of this 
type is explored.
3.2 Synthesis of a-deuteriated and tritiated alcohols
The ideal for the isotopic chemist is to be able to introduce an isotopic label at 
the last step of the synthesis, to do so regiospecifically, with 10 0% utilisation of 
the isotope source and to maintain the integrity of the molecule undergoing 
labelling.
Current methodologies for labelling alcohols with isotopes of hydrogen rely on 
the ability to convert the alcohol functional group to a higher oxidation state 
from which it can be reduced back, using an appropriate reducing agent (and 
isotope source), to afford the labelled starting compound. Unfortunately, this 
approach often suffers serious drawbacks, particularly when the molecule 
contains other functional groups giving rise to problems of selectivity. In 
addition, the initial transformation is often accompanied by a loss of 
stereochemical integrity thereby placing greater demands when reintroducing the 
label since this then has to be done in a stereospecific or stereoselective fashion. 
The use of the (2-bromophenyl)dimethylsilyloxy derivative provides a route to 
convert an alcohol to an a-deuterio or a-tritio alcohol without the intermediacy 
of a ketone, acid or ester. There are many examples in the literature where the 
labelled compound has been accessed via a higher oxidation state intermediate 
and a few of these will be considered here.
Malik^^ has reported the synthesis of [3 cholesterol using a ketone 
approach. Cholesterol was first oxidised to 5-cholesten-3-one using an excess of 
pyridinium chlorochromate in dichloromethane at room temperature. Following 
HPLC purification, the ketone was reduced with sodium borotritide in ethanol at 
room temperature and the tritiated product purified using a small silica gel 
column. [3a-^H]Cholesterol was obtained in 85% yield and was found to 
contain a small amount (14%) of its C-3 epimer. The position of the label was
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proved by reoxidation of the tritiated cholesterol followed by reduction with 
sodium borohydride which afforded cholesterol with no radioactivity present (see 
Scheme 3.5).
PCC
HO
NaB3H4
HO" :
Scheme 3.5: Synthesis of [3a-^H] cholesterol
At Fisons, the steroid, tipredane (11, see Scheme 3.6) has been labelled using a 
similar strategy. Following oxidation of the 11-hydroxy function using activated 
manganese dioxide, the resulting 11-keto function was reduced with sodium 
borotritide to afford the desired [lla-^H]product. This degree of selectivity 
being achieved by the adjacent 18- and 19-methyl group hindering access of the 
incoming borotritide/methanol complex from the top surface of the molecule.
HO
MnO
O
11
3H
Scheme 3.6: Synthesis of tipredane
The stereoselective synthesis of [lip-^H]prostaglandin has been reported^® in 
three steps from a suitably protected 11-ketoprecursor, which in turn was 
synthesised from PGEi in three steps according to Scheme 3.7. Lactonization 
between the C-1 acid and C-15 hydroxy function was exclusive under the 
reaction conditions used, there being none of the 1-11 lactone product formed.
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Acetal formation at C-9 was carried out using mild conditions and the in-situ 
protection and deprotection of the C-11 hydroxy as its TMS derivative to avoid 
potential dissipation of the TMSOTf reagent necessary for acetal formation at 
C-9. Oxidation at C-11 was accomplished using buffered pyridinium 
chlorochromate, the overall yield from PGEj being 10.6%.
OH OH
NaBZH^
Eton
C O O H
(o-Py-S-)2  O
X ylene
R eflux
OH
i) TM S Cl
ii) (TM SO CH ^O a
T M S O T f
iii) aq. c itr ic  acid
O
OH
O H
i) aq . KOH 
 ^
ii) aq. c itr ic  acid
OH OH
+ [11 C-OH] epimer
Scheme 3.7: Synthesis of [11 prostaglandin Ej
C O O H
Reduction of the protected 11-keto precursor with excess borohydride proceeded 
smoothly in methanol. The subsequent deprotection at C-l/C-15 and C-9 was 
carried out in a single reaction flask using sequential base and acid hydrolyses, 
in that order, to open the lactone and remove the acetal, respectively. Analysis 
of the product showed that the reduction had been highly stereoselective and 
resulted in the production of only 5% of the undesired (p-OH) C-11 epimer.
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Tropinone has been reduced with sodium borodeuteride to afford a mixture of 
the epimers [3-^H]tropine and [3-^H]pseudotropine with the latter epimer 
predominating and constituting approximately 70% of the mixture^' (see Scheme 
3.8). The crude product was crystallised from diethyl ether to yield pure [3- 
^H]pseudotropine, the mother liquors containing a mixture of the epimers. 
Acétylation of this mixture using acetyl chloride preferentially acetylated the 
pseudotropine and the acetylated products were separated from the tropine by 
flash chromatography to leave a sample of pure [3-%]tropine.
NaB2H4
H Tropine
Pseudotropine 
2H
Scheme 3.8: Synthesis of [3-^H]tropine and [3-^H]pseudotropine
These are just a few examples of syntheses taken from the literature where the 
use of an intramolecular radical translocation to effect the incorporation of 
isotope into the molecule may offer a useful alternative. In many cases the 
option of proceeding via a keto-intemediate may not be a viable one given the 
complexity of the molecule; such an example is that of rapamycin (see Figure 
3.1).
The isotopic labelling of a molecule of this complexity is a considerable 
synthetic challenge. Curran has shown that it is possible to selectively 
monosilylate the C-42 alcohol*^*’ which could then be reduced with tri-n-butyltin 
deuteride to afford the deuteriated silyl ether (see Scheme 3.9). Careful 
hydrolysis produced the desired labeled rapamycin which could be separated
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from the minor C-42 axial alcohol by flash chromatography. Due to the 
complexity of the ^H-NMR, integration to determine the total %^H was not 
possible. However, the use of FAB ionisation did result in intense peaks due to 
(M + Nay and (M + being observed. Determination of the % 
component from the intensity of the isotopic ions of the above peaks indicated 
that rapamycin was 61% and 39% ^Hq.
O H
O H
2H
/
2H
Scheme 3.9: Synthesis of deuteriated rapamycin
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CHAPTER 4 
RESULTS AND DISCUSSION
4.1 Synthesis of Isotopicaliv Labelled Compounds Derived from Trialkvlstannvl 
Derivatives
4.1.1 Introduction
Many organic compounds can be metallated by treatment with an organometallic 
reagent and since the reaction involves a proton transfer, the position of 
equilibrium is determined by the acidity of the substrate. The most commonly 
employed lithiation reagent is «-butyllithium. The choice of experimental 
conditions eg. solvent, temperature, reagent can have a profound effect on the . 
outcome of a particular reaction. Consequently, it is often necessary to pay 
great attention to detail in order to guarantee the preparation of the desired 
product. This was certainly the experience with the directed or^/zo-lithiation of
7V,A/^-diethylbenzamide. This particular compound was selected as a model 
substrate for the introduction of a trialkylstannyl substituent into the molecule 
via a directed lithiation procedure. Subsequent displacement of this group using 
a number of labelled electrophilic species either directly eg. or via palladium 
coupling chemistry eg. R*X, R*C0C1 would then be investigated to demonstrate 
the feasibility of this approach for the synthesis of orf/zo-labelled aromatics.
4.1.2 Formation of the ortAo-lithiated derivative of iV,iV-diethylbenzamide
The experimental conditions required for the formation of the orf/zo-lithiated 
derivative of JV-diethyIbenzamide required very precise control to ensure the 
generation of the desired lithiated species. In particular, the temperature and 
rate of addition of reagents was found to be critical. The temperature of the 
reaction mixture required careful monitoring to ensure that it did not rise above 
-70°C, otherwise the desired anion rapidly decomposed and no subsequent
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reaction with the electrophile was observed. The rate of addition of N,N- 
diethylbenzamide was also found to be critical, as too rapid an addition led to 
the formation of MA^-diethyl-2-benzoylbenzamide (14, see Scheme 4.1). This 
product arises as a result of nucleophilic attack by the orfAo-lithiated species 
(13) upon the excess of iV,A'-diethylbenzamide (12) in the reaction mixture. 
Following optimisation of the preparation of the required orf/zo-lithiated species, 
this route was used to prepare samples of A^diethy 1-2 -methyIbenzamide and 
A^A^-diethyl-2-(tri-«-butyltin)benzamide in 55% and 43% isolated yields 
respectively. In both cases, the benzophenone (14) was observed as a minor by­
product.
+
12 13 14
Scheme 4.1: Formation of benzophenone product
The characterisation of A/^7V-diethyl-2-(tri-M-butyltin)benzamide by 'H- and '^C- 
NMR spectroscopy required particular attention as the regiospecific introduction 
of the trialkyltin substituent dictates the regiospecificity achieved in any 
subsequent labelling step. A good understanding of the typical chemical shift 
values and coupling constants was, therefore, required to confirm the position of 
incorporation of the trialkyltin substituent.
The carbon-13 chemical shifts of Group IV organometallic compounds decrease 
with increasing atomic weight due to heavy atom shielding® .^ For example, the 
trimethyltin group in organostannanes Me^SnR shields the a  alkyl carbons 
compared with those of the alkane RH. For trimethylbutyltin, the chemical shift 
of the carbon atoms of the butyl chain first increase then decrease as one moves 
away from tin; the shift values are as follows: a-carbon, 11.1 ppm; p-carbon.
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29.2 ppm; y-carbon, 27.3 ppm; ô-carbon, 13.8 ppm^ "^^ '^ . Moreover, the carbon- 
13/tin-119 coupling constants also show a definite trend over one-, two-, three- 
and even four-bonds (see Scheme 4.2). This same trend is also reflected in the 
‘H-NMR signals, although these are often somewhat less clear because of the 
additional 'H-^H couplings that are usually present.
368 Hz 53 Hz
21 Hz
MegSn y -474.4 Hz
36.6 Hz
47.4 Hz
10.8 Hz
Scheme 4.2: Typical Coupling Constants
The absolute assignment of the ‘H- (see Figure 4.3) and '^C-NMR spectrum (see 
Figure 4.4) of iV,A^-diethyl-2-(tri-«-butyltin)benzamide did prove difficult, and in 
particular the assignment of the aromatic protons and carbons was problematic. 
This was, in part, resolved by the synthesis of A^,7V-diethyl-2-(tri-«-butyltin)[6- 
^HJbenzamide (15, see Scheme 4.5) which allowed the unambiguous assignment 
of the H-6/C-6 centres (see Figures 4.6 & 4.7); from this point, it was possible 
to assign the rest of the aromatic signals.
COOH COOH
RhCh
2H2O
2H D2H
i) SOCI2
ii) EtjNH
CONEt
15
i) BuLi, T M ED A  
^ ---------
ii) BUjSnCl
CONEtj
Scheme 4.5: Synthesis of A^iA^-diethyl-2-(tri-/i-butyltin)-
[6-^H]benzamide
4 7 -
Figure 4,3: H-NMR spectrum of iV,iV-diethyI-2-(tri-/i-butyltm)-
benzamide L OL
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Figure 4.4: ^^C-NMR spectrum of iV,iV-diethyl-2-(tri-ii-butyltin)beiizamide
49
Figure 4.6: H-NMR spectrum of iV,iV-diethyl-2"(tri-«-butyltiii)-
[6-^H] benzamide
ea.
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Figure 4.7: ^^C-NMR spectrum of A',iV-diethyl-2-(tri-«-butyltin)[6-^H]benzamiae
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Comparison of the chemical shift data and carbon-13/tin-II9 coupling constants 
obtained for A/A^-diethyl-2-(tri-«-butyltin)benzamide with the typical values 
quoted earlier show these to be in good agreement (see Figure 4.8).
not observed19
65 341
Figure 4.8: Observed coupling constants (values in Hz)
4.1.3 Deuteriolysis of iV,A^-diethyl-2-(trl-«-butyltin)benzamide
The deuteriolysis of the aryl-trialkyltin bond in the synthesis of deuteriated 
aromatics has been reported in the literature^^. Standard conditions involve the 
use of [O-'H] acetic acid and 10% w/w of deuterium oxide and heating the 
reaction mixture at 75°C for 24 hours. This afforded a range of deuteriated 
aromatics in yields of 60-80% and with isotopic purities of >98%. The 
substituted aromatics investigated included the following: o-, m-, j^-Me; m-, p- 
Cl; m-, /?-OMe.
Use of the same conditions for the deuteriolysis of iV,7\/-diethyl-2-(tri-«- 
butyltin)benzamide, however, only afforded 50% conversion (as revealed by 
TLC) to the desired deuteriated product after 24 hours. The reduction in rate 
observed was due to the deactivating effect of the amide group and whilst this 
may be overcome by extending the reaction time, there are other disadvantages 
that exist with this approach in the context of isotopic synthesis. Namely, the 
synthesis of tritiated products at carrier-free specific radioactivities would not be
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readily achievable because of the requirement to use both tritium oxide and [O- 
acetic acid precursors to avoid dilution of the isotope pool.
Consequently, a second approach was investigated using trifluoroacetic 
anhydride and a 10% molai* excess of deuterium oxide. This in effect, affords
2.2 moles of [0-^H]trifluoroacetic acid per mole of substrate. It was anticipated 
that the use of a stronger acid may also counter the problem of slow rates of 
deuteriolysis for aromatics containing deactivating groups. Use of the standard 
conditions described above resulted in the complete deuteriolysis of j%7V-diethyl- 
2-(tri-«-butyltin)benzamide after 24 hours at 75°C to afford A(7V-diethyl-[2- 
^H]benzamide which was isolated in 78% overall yield; the isotopic purity was 
determined by FAB mass spectrometry and was found to be 86%. Whilst this 
does not compare particularly well with the literature results using [0-^H]acetic 
acid, it is an improvement on the result we obtained using this approach in 
which the isotopic purity of the crude 7V-diethy 1-[2-^H]benzamide was only 
71%. The reduction in isotopic purities in both cases could be due to a dilution 
of the isotope pool due to scrambling or water being present. Examination of 
the *^C-NMR spectrum confirmed the position of deuterium labelling to be ortho 
to the amide group; there was no evidence of incorporation at the met a- or para- 
positions (see Figure 4.9).
This approach may have some general utility for the regiospecific introduction 
of deuterium and tritium into aromatic systems, however, caution should be 
applied in cases where the substituent is capable of activating the aromatic ring 
towards electrophilic substitution. In these instances, exchange may occur via an 
aromatic electrophilic substitution mechanism as well as i/?.so-substitution of the 
trialkyltin substituent, which would lead to loss of regiospecificity.
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Figure 4.9: "C-NMR spectrum of A ,^A^-diethyl[2-^H]benzamide
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4.1.4 Synthesis of 7V,A^-diethyl-2-alkylbenzamide derivatives via palladium- 
catalysed coupling reactions
The synthesis of 2-alkyl derivatives of A^,iV-diethylbenzamides is not readily 
achievable in organic synthesis other than by the quenching of a lithiated species 
with an appropriate alkyl halide. Alkylation of aromatics is normally achieved 
via Friedel-Crafts chemistry, however, the amide group is both deactivating and 
mera-directing, making it impossible to access the ortho-position using this 
conventional approach. However, the indirect use of directed ortho-iithiation to 
access a suitable arylstannane derivative followed by palladium-coupling 
chemistry does offer an opportunity to access the 2-alkylsubstituted benzamides.
To achieve this, it was necessary to identify the optimum conditions for the 
formation of 2-alkyl substituted A-diethylbenzamides using palladium- 
coupling chemistry. One constraint, of overriding importance in radiosynthetic 
considerations, was to minimise the amount of alkyl halide required, since this 
species would bear the isotopic source. Consequently, a goal of no greater than 
a 10% molar excess of the alkyl halide was set.
The use of polar solvents such as HMPA at temperatures of between 60°C and 
70°C is well recorded in the literature '^^’ for various cross-coupling reactions.
A variety of substituted benzyl halides have been reacted with tetraorgano- 
stannanes in the presence of a palladium(II) catalyst to afford the desired 
coupled product in yields of between 42 and 100%. The reaction between 
methyl iodide, A^7V-diethyl-2-(tri-M-butyltin)benzamide and tetrakis(triphenyl- 
phosphine)palladium(O) was examined using HMPA. The desired product, N,N- 
diethyl-2-methylbenzamide was found to be only a minor component by GC 
(18%), the other major components being TV^A-diethylbenzamide (70%) and N,N- 
diethyl-2-(tri-«-butyltin)benzamide (12%). When the reaction was repeated in 
NMP, a slightly higher yield of A-diethy 1-2-methylbenzamide was obtained 
(29%) together with A-diethyIbenzamide (27%) and A,7/-diethyl-2-(tri-«- 
butyltin)benzamide (44%).
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The reason for the seemingly facile formation of A^TV-diethylbenzamide is not 
clear. One possibility is that acidic impurities in the HMPA gives rise to 
electrophilic (pjo-substitution. However, even the use of freshly distilled, high 
grade HMPA still yielded a significant amount of Aj A-diethylbenzamide. This 
particular problem associated with the use of HMPA may not have been noted 
in the reported work where the tetraorganotin reagent was often present in large 
excess. Due to the problems experienced with HMPA, the remaining 
investigational studies were performed using NMP as the solvent.
The effect of catalyst, catalyst concentration and reaction time were examined.
In addition to palladium, other Group VIII metals, for example nickel, have 
been reported to catalyse the cross-coupling reaction® .^ Using tetrakis- 
(triphenylphosphine)nickel(O), no reaction was observed even after 48 hours, 
however, this may have been due to problems associated with handling the 
catalyst which is extremely air sensitive. This alone makes the use of this 
catalyst a difficult practical option.
Increasing the catalyst concentration had an adverse effect on the yield of the 
desired product. The use of 0.01 equivalents of catalyst equates to a molar 
concentration of 2 mmol I"' which when compared to Stille’s data^  ^ is not ideal 
(optimal concentration is 0.7 mmol 1’^ ), nevertheless, it is close. Increasing the 
catalyst concentration ten-fold resulted in a much reduced yield of the desired 
product (34% vs. 54% after 24 hours). Moreover, leaving the reaction on for a 
further 24 hours did not result in an increase in the yield of A,A-diethyl-2- 
methylbenzamide implying that the low yield may not be just due to a slower 
reaction but that other factors may be involved.
The use of benzylbis(triphenylphosphine)palladium(II) chloride afforded the best 
yield to date, A,A-diethyl-2-methylbenzamide being obtained in 69% yield after 
48 hours, the main side product again being AA-diethyIbenzamide (26%). 
Increasing the concentration of the catalyst seven-fold did not affect the overall 
percentage yield of A A-diethy 1-2-methylbenzamide (65%) but did affect the 
formation of AA-diethylbenzamide; now accounting for 17% of the crude
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reaction mixture. In both examples, the remaining balance was accounted for by 
AA-diethyl-2-(tri-rt-butyltin)benzamide. The formation of AA-diethyl­
benzamide is not readily explained, however one possibility is that it arises 
following the protiolysis of A,A-diethyl-2-(tri-«-butyltin)benzamide with 
hydriodic acid. The latter material arises following the transmetallation step 
which gives rise to an alkylarylpalladium species and tri-«-butyltin iodide.
Rapid hydrolysis of the tri-M-butyltin iodide by traces of water in the reaction 
would then afford hydriodic acid and tri-M-butyltin hydroxide. Support for this 
is obtained from GC/MS analysis which does reveal the presence of tri-«- 
butyltin iodide in the crude reaction mixtures.
Taking the optimised reaction conditions of NMP as solvent, a temperature of 
70“C and a reaction time of 24 hours the coupling of iodomethane-(7j with AA- 
diethyl-2-(tri-K-butyltin)benzamide was investigated with three different 
palladium catalysts. As might be expected the benzylbis(triphenylphosphine)- 
palladium(II) chloride catalyst gave the greatest yield of A  A-diethyl-2- 
[^Hjjmethylbenzamide (68%) with the 4-nitrobenzylbis(triphenylphosphine)- 
palladium(II) chloride catalyst affording only a slightly lower yield (62%). In 
both cases the major by-product was AA-diethylbenzamide (29% and 35% 
respectively). Tetrakis(triphenylphosphine)palladium(0) afforded A,A-diethyl-2- 
[^Hgjmethylbenzamide in 47% overall yield.
4.1.5 Synthesis of A,A-dlethyl-2-acylbenzamide derivatives via palladium- 
catalysed coupling reactions
The cross-coupling of acyl halides has received considerable attention in the 
literature and it was felt that optimisation of this system for the synthesis of 
labelled aryl ketones would be relatively straight-forward following the work 
with iodomethane, however this did not prove to be the case. Initial attempts at 
repeating the results obtained with iodomethane, with acetyl chloride afforded 
none of the desired ketone; in every attempt the main product was AA- 
diethylbenzamide. This was believed to be due to traces of acid (ie. CH3COOH
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or HCl) formed from water in the reaction system and leading to protiolysis of 
the tributyltin group. The problem of maintaining absolutely anhydrous 
conditions was exacerbated by the small scale upon which these reactions were 
carried out. However, by paying rigorous attention to drying the reagents and 
solvents this problem was overcome.
In contrast to the findings for iodomethane, the use of HMPA did afford the 
desired ketone in reasonable yield (65%), however, the problems of isolation of 
the product from this solvent can be difficult. Fortunately if both THF and 
chloroform were used as solvents, the ketone was formed in excellent yield 
(88% and 85% by GC respectively) and isolation of the crude product from 
these solvents is a relatively trivial exercise. Following purification of the crude 
product obtained from the chloroform reaction, the desired ketone was obtained 
in 98% isolated yield.
4.1.6 Conclusion
The work to date has demonstrated the potential of this approach to the 
synthesis of isotopically labelled, substituted aromatics. Whilst these 
experiments are confined to the use of AA-diethylbenzamide, the work of 
Snieckus, Beak and others offers significant opportunities to employ this strategy 
in the synthesis of a wide variety of trialkyltin-substituted aromatics. The 
tolerance of the palladium-coupling system to a wide range of functionality 
allows some freedom as to the timing for the introduction of the labelled moiety, 
potentially enabling one to delay its introduction until the final step. As many 
of the labelled alkyl or acyl halides that may be used are widely available or can 
be readily made, this strategy is not restricted by access to these intermediates. 
The experiments performed have demonstrated that the chemistry is amenable to 
the typical scale associated with isotopic labelling and the stoichiometry of the 
reactions is compatible with the high cost of isotopic precursors.
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4.2 The Use of Rhodium-directed Metallatiop in the Synthesis of a Series of
Tritiated Compounds
4.2.1 Introduction
Since the discovery of angiotensin converting enzyme (ACE) inhibitors for the 
treatment of hypertension^^, there has been a flurry of activity aimed towards the 
blockade of other parts of the renin-angiotensin system (see Figure 4.10). More 
recently there has been a considerable amount of work on renin inhibitors'^.
Both of these classes of enzyme inhibitors exert an antihypertensive effect by 
lowering the plasma concentrations of the powerful vasoconstrictor octapeptide, 
angiotensin II.
Asp - Arg - Val - Tyr - He - His - Pro - Phe - His - Leu - Leu - Val - Tyr - Ser.. 
(Angiotensinogen)
Renin
Asp - Arg - Val - Tyr - He - His - Pro - Phe - His - Leu 
(Angiotensin I)
ACE
\ 7
Asp - Arg - Val - Tyr - He - His - Pro - Phe 
(Angiotensin H) p  VASOCONSTRICTION
Angiotensinases
Arg - Val - Tyr - He - His - Pro - Phe 
(Angiotensin III)
Figure 4.10; Renin - Angiotensin System
Angiotensin II (AH) receptor antagonists such as saralasin also show 
antihypertensive action, however, until recently all potent AH-receptor
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antagonists have been peptides which are orally ineffective, have short plasma 
half-lives, and many of which exhibit partial agonism. Substantial progress has 
been made in the development of nonpeptide All-receptor antagonists which has 
culminated in the discovery of DuP 753 (see Figure 4.11/^ which is now 
undergoing clinical trials for the treatment of hypertension.
HO N - N '
Figure 4.11: DuP 753
DuP 753 has an oral bioavailability of only 33% in the rat and whilst it is active 
in its own right, this does not completely explain the experimental findings 
observed following administration of the compound. In fact the major 
metabolite of the compound, the 5-carboxyl derivative, was found to be 
approximately 20 times as active as the parent compound following intravenous 
administration. Consequently, the observed high potency and long duration of 
action of the active metabolite suggest that it may be responsible for the 
antihypertensive effect of DuP 753.
At Fisons, we were involved in a search for novel compounds that acted as 
potent All-receptor antagonists. Structure-activity data had confirmed that the 
biphenyl-tetrazole ring system was very important for AH activity, consequently 
our efforts focused on possible changes to the remaining heterocyclic ring 
system. Of particular interest were compounds containing an appropriately 
substituted 2-pyridinone ring (see Figure 4.12).
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Figure 4.12: Fisons All-receptor antagonists
Since the target drugs were intended for oral administration it was imperative 
that they should be well absorbed and have good bioavailability. Both these 
properties are to some extent dictated by the physico-chemical properties of the 
molecule and in particular by lipophilicity. Compounds with too high a log D 
may be poorly absorbed, they can be highly protein bound or may be 
sequestered into tissues or rapidly metabolised. All of these options can 
adversely affect the bioavailability of the compound and therefore the potency.
At physiological pH (ie. 7.4), it is believed that a log D of between -1.5 and 1.5 
is required to ensure good absorption. However whilst the measurement of the 
log D of a compound is relatively easy to achieve, this does not guarantee that 
the compound will be well absorbed. Nor does it provide any guidance as to 
whether the molecule will be extensively metabolised, eg. on its first pass 
through the liver. This information can only be determined accurately by animal 
experiments. Such experiments require a sensitive analytical method to 
determine parent compound pharmacokinetics. Alternatively they can be carried 
out using a radiolabelled form of the compound.
4.2.2 Strategy for labelling the All-receptor compounds
From our programme of research, a number of lead compounds had emerged 
which all showed good activity in in vitro screens, although this was not always
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realised in vivo. In particular, considerable synthetic effort was being expended 
trying to prepare zwitterionic compounds that exhibited favourable log D/pH 
profiles such that absorption would be at a maximum at physiological pH.
Three compounds were identified for further investigations (see Figure 4.13) to 
determine the extent of oral absorption and subequent metabolism of the parent 
compound.
HI
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N - N HN - N H N - N H
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Figure 4.13: Structures of FPL 67876XX, FPL 68270XX and FPL 68227XX
Consideration of the structures presented three possible options for a one step
labelling procedure with tritium:
1) Base-catalysed exchange - the protons on the a-methylene of 
the propyl side chain may be sufficiently acidic to exchange 
using strong base catalysis in the presence of tritium oxide.
2) Heterogeneous-catalysed exchange - the use of a palladium on 
carbon catalyst and tritium gas may promote the exchange of 
the protons on the a-methylene of the propyl group as well as 
some of the aromatic protons.
3) Homogeneous-catalysed exchange - the tetrazole group may act 
as a directing group, in the same way as the carboxyl and amide
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functions, and thus be capable of directing exchange at the 
orfAo-position using rhodium chloride and tritium oxide.
4.2.3 Attempted deuteriation of FPL 67876XX
A series of trial reactions were performed with FPL 67876XX using different 
reaction conditions based on the three options defined above. Only in the case 
of the rhodium chloride catalyst was any deuterium incorporation observed in 
the product. Mass spectral analysis of the crude product, using FAB ionisation 
showed a molecular ion at 388 (M + H) and a cluster of peaks ranging up to 
m/e 392 with a maximum abundance at m/e 390 (see Figure 4.14). Calculation 
of the percentage contribution of the total ion intensity arising from labelled 
species gave a value of 88.7% indicating that significant incorporation of 
deuterium had been achieved.
5 0
JQ
o 20
r #
3 9 0 391 3 9 3 3 9 43 8 9 3 9 23 8 7 3 8 8
m/e
[2H]FPL 67876XX□  FPL 67876XX
Figure 4.14: Molecular ion of pHJFFL 67876XX
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One conclusion that can be drawn from this result is that other labelling 
mechanisms must be operating, in addition to or//zo-deuteriation as predicted, as 
it appears that up to four positions are being labelled.
The ’H-NMR spectrum of the deuteriated product (see Figure 4.15) confirmed 
this. There was evidence of deuterium incorporation in the nitrogen heterocycle 
as well as the two aromatic rings. One further observation was the presence of 
very broad signals at similar chemical shifts to the sharp resonances observed for 
the deuteriated product. These are suggestive of paramagnetic line broadening. 
Whilst it is known that rhodium readily forms a five-membered metallocycle 
with substituted aromatics (see Figure 4.16), to date there have been no reports 
of a seven-membered metallocycle. However, it is probable that the deuterium 
incorporation observed in the second aromatic ring was achieved via just such an 
intermediate.
N - N  / \
Rh
5-membered metallocycle 7-membered metallocycle
Figure 4.16: Five- and seven-membered metallocycles
The appearance of deuterium in the pyridinone ring can be explained by 
straightforward electrophilic substitution in what is a reasonably activated ring 
system. It is known that during the homogeneous exchange reaction involving 
rhodium chloride, small amounts of HCl are produced and it is assumed that this 
is responsible for the promotion of the electrophilic exchange of the ring 
protons. Alternatively labelling via keto-enol tautomérisation could have 
occurred in this case.
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Figure 4.15: ^H-NMR spectrum of [%]FPL 67876XX
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4.2.4 Attempted tritiation of FPL 67876XX
The rhodium chloride reaction conditions which were successful in achieving 
good deuterium incorporation into FPL 67876XX were employed using tritium 
oxide as the isotope source. Following work up and removal of labile tritium, a 
brovm solid was obtained which upon examination by TLC/radiochromatogram 
scanning revealed that only 15% of the total radioactivity coeluted with FPL 
67876XX; the remainder was associated with material at the baseline. This 
result was somewhat disappointing as the deuterium study did not suggest that 
such a poor yield was likely. In order to ensure that sufficient [^H]FPL 
67876XX would be available for investigational studies, the reaction was 
repeated on 6.5 times the scale. Following work up, two products were isolated 
one of which was soluble in aqueous sodium hydrogen carbonate. Examination 
of these products on TLC/radiochromatogram scanning revealed that the base- 
soluble material contained FPL 67876XX, as might be expected, as well as 
material at the baseline. The second isolated product was composed entirely of 
the polar baseline material; examination of this latter product using 'H-NMR 
spectroscopy gave a spectrum consisting entirely of very broad lines.
It seems probable that the formation of a complex between a rhodium species 
and the molecule, possibly the tetrazole group, might account for the baseline 
material. Certainly taking the simplest case and looking at the rhodium chloride 
catalysed exchange of phenyltetrazole with deuterium oxide afforded product 
with deuterium incorporated in the orf/zo-positions, however, the bulk of the 
material isolated from the reaction was associated with a more polar material. A 
search of the literature did not reveal any evidence for the formation of 
complexes between rhodium and tetrazoles, however, there have been reports of 
complexes formed between rhodium and carboxylates^^.
The low recovery of free FPL 67876XX was not ideal and so a number of 
experiments were attempted to cleave the putative rhodium complex. Three sets 
of reaction conditions were investigated, acid hydrolysis, base hydrolysis and 
base hydrolysis in conjunction with a potential alternative ligand. The reactions
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were heated in a sealed system at 105“C and the progress was monitored by 
TLC/radiochromatogram scanning. Very little or no reaction was observed in 
the case of acid hydrolysis, however; both the base hydrolyses did show a 
visible change. In the reaction in which the acetylacetone had been added, the 
complex had dissolved completely to give a deep yellow solution and TLC 
revealed approximately 40% of FPL 67876XX had been liberated. Where base 
alone had been employed, the amount of free FPL 67876XX accounted for 56% 
of the total radioactivity, moreover, there was a significant black precipitate of 
rhodium metal.
The precise nature of this cleavage reaction is unknown and the exact nature of 
the complex has still to be identified. Nevertheless the base hydrolysis approach 
was adopted and used to hydrolyse a batch of the tritiated complex. The 
progress of the reaction was monitored by TLC which revealed that in addition 
to the appearance of FPL 67876XX, a less polar impurity was also seen to form 
with time (see Figure 4.17). Consequently the reaction was stopped after 6 
hours and worked up to afford pH]FPL 67876XX. Upon assaying for total 
radioactivity recovered, it was noted that there had been a loss of 30% of tritium 
from the molecule during base hydrolysis.
One possible explanation for this is the loss of tritium from the pyridinone ring 
which can exist in one of three tautomeric forms. From ^H-NMR data, it is 
known that one of these forms predominates (Form I; see Scheme 4.18). Any 
tritium incorporated in the 3-position via an electrophilic process would be labile 
to base hydrolysis via the intermediacy of the P-diketone (Form II).
O H  Q
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Form  I Form  II Form  III
Scheme 4.18: Possible tautomeric forms of pyridinone ring 
system
- 67 -
(O
oo
Q.
CM
#  o
oo § § oCM O
Figure 4.17: Plot of % product vs. time
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The crude product was purified by reversed-phase HPLC followed by 
recrystallisation to afford a total of 6.3 mg of pH]FPL 67876XX with a 
radiochemical purity of 98.0%. Further batches of crude product were carried 
through in a similar manner to afford a further 60.2 mg of pHJFPL 67876XX 
with a radiochemical purity of 99.2%.
Characterisation of the product by and ^H-NMR spectroscopy (see Figures 
4.19 & 4.20) confirmed the positions of tritium incorporation (see Figure 4.21) 
and relative abundance at each position.
OH
42%
N -N H
40%
18%
Figure 4.21: Positions of tritium incorporation
As was expected from the deuterium modelling data, the rhodium-directed 
exchange accounted for approximately 60% of the total isotope incorporation. 
The positions were all labelled to a similar extent with a possible slight 
selectivity shown for the 7-membered metallocycle as opposed to the 5- 
membered metallocycle. The remaining 40% of the tritium label was found in 
the 5-position of the pyridinone ring; no trace of tritium was evident at the 3- 
position.
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Figure 4.19: 'H-NMR spectrum of pH]FPL 67876XX
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Figure 4.20: ^H-NMR spectrum of pHJFPL 67876XX
- 71 -
4.2.5 Attempted deuteriation of FPL 68270XX
The second compound in this series that was investigated was the 4-methoxy 
derivative of FPL 67876XX. The work with FPL 67876XX led us to expect a 
similar pattern of labelling, however, the introduction of the methoxy-substituent 
(which effectively locks the pyridinone ring in a single form) led us to expect 
some incorporation of deuterium into the 3- and 5-positions, again via an 
electrophilic mechanism. The presence of the tetrazole group might also be 
expected to give rise to the same complex formation as was observed with FPL 
67876XX.
TLC examination of the crude product obtained from a trial deuteriation 
revealed very little free FPL 68270XX, there being a more polar spot at the 
baseline. Characterisation of the crude product by MS revealed significant 
incorporation of deuterium, consistant with up to five positions being labelled, 
however, the NMR spectrum was very broad and little positional information 
was obtainable from this.
4.2.6 Attempted tritiation of FPL 68270XX
The tritiation of FPL 68270XX was carried out using similar reaction conditions 
as were employed for the deuteriation, commencing with 400 mCi of tritium 
oxide. Following work up, a total of 12.5 mCi of crude product was obtained 
which upon examination by TLC revealed 20% of the total radioactivity was 
associated with free FPL 68270XX whilst the remainder was associated with 
material at the baseline. Treatment of the isolated crude complex using aqueous 
sodium hydroxide in methanol resulted in a black precipitate of rhodium being 
observed after five minutes heating at 105°C. After 5.5 hours the amount of 
free FPL 68270XX in the reaction mixture was 62%. Following isolation, a 
total of 93.4 mg of pH]FPL 68270XX was obtained with a radiochemical purity 
of 70.0% plus two more polar impurities accounting for 5% and 19% of the 
total radioactivity.
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Further purification of the crude product by HPLC, followed by recrystallisation 
afforded 22.6 mg of pH]FPL 68270XX with a radiochemical purity of 99.1%. 
The product was characterised by ’H- and ^H-NMR (see Figures 4.22 & 4.23) to 
confirm the positions and % incorporations of tritium in the molecule (see 
Figure 4.24). As was expected, the pyridinone ring was labelled in both the 3- 
and 5-positions, although one of these positions was labelled to a significantly 
greater extent than the other. From the 'H-NMR data, it was not possible to 
assign these positions unequivocally and so further work was required to 
determine these assignments.
O 52% & 9%
N - N H
11%
28%
Figure 4.24: Positions of tritium incorporation
The rhodium-directed exchange introduced tritium into the two aromatic rings in 
a similar manner, but once again favouring the formation of the 7-membered 
metallocycle.
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Figure 4.22: 'H-NMR spectrum of [’HJFPL 68270XX
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Figure 4.23: ^H-NMR spectrum of pHJFPL 68270XX
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4.2.7 Assignment of chemical shifts of pyridinone ring of FPL 68270XX
A series of Nuclear Overhauser Experiments (NOE) were performed to assist in 
the assignment of the two protons of the pyridinone ring. Using the tritiated 
sample, irradiation of the signals at ô 2.44 (the a-methylene of the propyl side- 
chain), 5.80 and 5.85 (the two pyridinone protons) gave rise to enhancements at 
various positions (see Section 5.3.9 and Figures 4.25, 4.26 & 4.27). From these 
data it was possible to make an absolute assignment of the proton signals arising 
from the pyridinone ring. The signal occurring furthest upfleld carried the 
higher % of tritium and this was assigned to the 3-position.
When reconsidering the experimental data obtained with pH]FPL 67876XX, it 
was noted that during the cleavage of the rhodium complex using base, 
approximately 30% of the tritium was lost; this was probably due to tritium that 
had been present in the 3-position of the pyridinone ring.
4.2.8 Attempted deuteriation of FPL 68227AA
Since considerable synthetic efforts were being employed in the synthesis of 
zwitterionic compounds, it was particularly important to obtain an estimate of 
the degree of absorption of a typical member of the series, FPL 68227AA. This 
would confirm, or contradict, the hypothesis that for these compounds, a 
favourable log D would be reflected by significant absorption of the compound. 
However, the presence of the amide group makes this task particularly 
challenging due to the difficulties that could be subsequently encountered trying 
to cleave the rhodium complex that would be expected to form.
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Figure 4.25: Irradiation at ô 2.44 in NMR spectrum of pH]FPL 68270XX
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Figure 4.26: Irradiation at 8 5.80 in NMR spectruju of [%]FPL 68270XX
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Figure 4.27: Irradiation at « 5.85 in NMR spectnim of pH]FPL 68270XX L_ O-
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A model experiment was performed using deuterium oxide and the standard 
reaction conditions. TLC revealed that in addition to free FPL 68227AA 
(appeared as a bright blue fluorescent spot), there was a significant spot at the 
baseline. Mass spectral analysis revealed that there was incorporation of 
deuterium into the molecule. Although the ‘H-NMR spectrum was very broad, 
there was an indication of label being present in the pyridinone ring as indicated 
by a reduction in intensity of the signals due to the 3- and 5-protons. The p- 
disubstituted phenyl ring also showed evidence of deuterium incorporation as 
indicated by the collapse of the ab quartet.
4.2.9 Attempted tritiation of FPL 68227AA
To try and minimise the formation of the rhodium-complexed material, the 
tritiation was performed with only 0.25 mole equivalents of rhodium trichloride 
(normally 0.5 equivalents). With this exception, the reaction was performed 
following the usual protocol and with the work up taking account of the 
zwitterionic nature of the product. TLC examination of the product revealed 
that approximately 37% of the total radioactivity was associated with free FPL 
68227XX, the remainder being due to material at the baseline (this compares 
with 15% and 20% as was found for FPL 67876XX and FPL 68270XX 
respectively).
The crude tritiated FPL 68227AA was purified directly by reversed-phase HPLC 
to afford material with a radiochemical purity of 8 6 .1%, with a number of less 
polar impurities present. These impurities were paitially removed by extraction 
of an aqueous solution of the tritiated product with dichloromethane. The final 
radiochemical purity of the pH]FPL 68227AA was 93%, which was not ideal 
but was adequate for the intended use of the compound. The limited amount of 
labelled compound available precluded characterisation other than co­
chromatography with an authentic standard. In particular it proved impossible to 
obtain information on the positions of tritium incorporation using ^H-NMR.
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4.2.10 Conclusion
Radiolabelling is often not considered in support of research projects because of 
the perceived high cost and the need for multi-stage syntheses. In this study, the 
rhodium-directed metallation system provided a rapid one-step reaction to 
incorporate tritium with known regiospecificity and with suitably high 
efficiencies to allow adequate radiolabelling. The resulting labelled compounds 
proved quite adequate to address the particular project issues.
The radiolabelling of FPL 67876XX, FPL 68270XX and FPL 68227XX allowed 
some important issues to be addressed for this particular research project. In the 
case of FPL 67876XX and FPL 68227XX, the extent of oral absorption was 
determined using a gut loop model. This involves tying off a section of rat 
duodenum in a number of animals and aliquots of the compound of interest, 
together with a positive control (eg. [‘'^Cjbenzoic acid), were introduced into the 
loop. The animals were sacrificed at various time points and the section of gut 
washed out and the residual radioactivity determined. Both FPL 67876XX and 
FPL 68227XX showed little evidence of absorption, there being essentially the 
same amount of tritiated material in the loop as at the start of the experiment; in 
both cases the [‘‘^ CJbenzoic acid had completely disappeared after two hours (ie. 
complete absorption).
FPL 68270XX was examined in more detail and a comprehensive ADME 
package was performed with this radiolabelled material. Following an intra­
venous/oral crossover study in the rat, an estimate of the oral absorption of 
>60% was obtained. The major route of excretion was biliary and the 
compound was extensively first-pass metabolised, and hence oral bioavailibility 
was low. The major metabolic pathways were 0-demethylation and 
glucuronidation. It had been predicted that if 0-demethylation were to be a 
significant metabolic pathway, then tritiated water would be observed in the 
biological samples; this would arise from the hydroxy-metabolite which could 
lose tritium at the 3-position via keto-enol tautomerism. In fact, significant 
amounts of tritiated water were detected in plasma, urine and expired air.
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4.3 Isotopic Labelling via a 1.5-Intramolecular Radical Transfer Process
4.3.1 Synthesis of (2-bromophenyl)chlorodimethylsilane
The synthesis of (2 -bromophenyl)chlorodimethylsilane has been reported in the 
l i t e r a t u r e T h e  preparation of this product is via the reaction of 2- 
bromophenyllithium, which is generated at low temperature (< -100“C) by the 
monolithiation of 1,2 -dibromobenzene, and subsequent reaction with 
dichlorodimethylsilane. There are two main problems associated with this 
synthesis, the first is that the intermediate, 2 -bromophenyllithium, is thermally 
unstable and readily undergoes elimination of lithium bromide to afford benzyne 
as the initial decomposition product. For this reason, the temperature of the 
reaction had to be maintained below -100“C. At a temperature of -110“C, the o- 
lithiated species has been reported to be stable for up to 2 hours’®. This has 
been demonstrated by the addition of dilute hydrochloric acid to the reaction 
which afforded bromobenzene (95%) as the major component with only trace 
quantities of decomposition products. If the temperature is allowed to warm to 
above -100°C, then substantial decomposition occurs very rapidly and many 
products are observed (see Scheme 4.28). The second major problem is due to 
the high reactivity of (2 -bromophenyl)chlorodimethylsilane which makes the 
isolation and purification of the product problematic.
Initial attempts to synthesise the chlorosilane all met with failure. The main 
problem was associated with the work up and purification of the product. Using 
a non-aqueous isolation procedure, as described in the lite ra tu reinvo lv ing  the 
evaporation of THF, dilution with hexane and subsequent concentration, 
afforded only traces of (2-bromophenyl)dimethylsilanol (2% by GC) in the crude 
reaction product; this at least was indicative that some of the desired product 
had been present. The main other components present were 1,2-dibromobenzene 
(4%) and 2,2'-dibromobiphenyl (61%; see Figure 4.29), formed presumably 
either by nucleophilic displacement of bromine from the starting material by the 
generated lithiated species or by the addition of benzyne to 1,2 -dibromobenzene.
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Scheme 4.28: Decomposition products of 2- 
bromophenyllithium
Figure 4.29: Main impurity
Several attempts were made at the synthesis of the chlorosilane using this work 
up procedure. Rigorous attention was paid to the dryness of solvents and 
apparatus used and yet only marginal improvements were obtained in the yield 
of the chlorosilane. The crude products were isolated for each reaction and 
characterised by GC/MS (see Table 4.1). There is no doubt that the desired 
chlorosilane is present, however, once formed it appears to be reacting further. 
Hydrolysis of the chlorosilane (18; see Table 4.1), presumably by traces of water 
in the system, gives rise to the silanol which in turn reacts with a second mole 
of the chlorosilane to afford the bis-siloxane product (21; see Table 4.1). 
Similarly, nucleophilic displacement of the bromine from (2-bromophenyl)-
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chlorodimethylsilane by the 2 -bromophenyllithium species gives rise to the 
biphenyl product (19; see Table 4.1) which in turn, can react with the silanol to 
afford a siloxane (20; see Table 4.1). Alternatively the biphenylchlorosilane 
product (19) may first be hydrolysed and then react with a further mole of the 
chlorosilane (18).
Table 4.1: GC analysis of crude reaction products
18
@5 ;
Br
19
\ /  \ /  Y 
2 0 21
1526/93 16% 2 0 % 15% 19%
1526/95 2 1 % 16% 1% 2%
1526/100 2 2 % 13% 6 % 15%
The problem was finally resolved by contacting Professor Curran who replied 
with details of an alternative work up involving a distillative isolation 
procedure^'. This involved removal of the reaction solvents, diethyl ether/THF, 
by distillation at atmospheric pressure under nitrogen; the (2 -bromophenyl)- 
chlorodimethylsilane was then isolated from the crude reaction residue by 
vacuum distillation. A first attempt using this procedure afforded the desired 
product in 62% isolated yield (purity, as determined by GC = 89%). This yield 
has, however, not been repeated and the synthesis and isolation of this product 
still remains a considerable challenge if this approach is to find wide application.
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4.3.2 Deuteriation of 3-phenylpropanol
The synthesis of (2-bromophenyl)dimethyl(3-phenylpropoxy)silane was carried 
out in dichloromethane using imidazole as the base. The product was purified 
by flash chromatography in 63% isolated yield and characterised by MS and *H- 
NMR. The signals due to the propyl side chain were all resolved and readily 
assignable. Dimethylphenyl(3-phenylpropoxy)silane was also prepared following 
the same procedure and used as an authentic standard.
The deuteriation experiment was carried out in toluene in the presence of 
azobisisobutyronitrile (0.08 eq.) as the radical initiator. A small excess of tri-M- 
butyltin hydride (1.2  eq.) was used and the reaction performed at 80°C for 18 
hours. Following an extractive work up and flash chromatography, the product 
was isolated in 75% yield and characterised by MS and ^H-NMR.
Mass spectral analysis using electron impact ionisation revealed no molecular 
ion (m/e 270), the highest mass arising from the loss of a methyl group (m/e 
255). Comparison with the mass spectrum of the unlabelled standard material 
revealed a significant M+1 peak at m/e 256 due to the incorporation of 
deuterium. After correction for the natural abundance of isotopes of carbon, 
hydrogen and oxygen, the % incorporation of deuterium was estimated at 82%. 
Assignment of the ^H-NMR spectrum (see Figure 4.30) allowed the positions of 
deuterium incorporation to be assigned and the % abundance of deuterium at 
each position determined (see Scheme 4.31).
25% 43% 24% 65%
12%
20%
11%
(5-12%)
Experimental result Literature result
Scheme 4.31: % Deuterium incorporation
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Figure 4.30: *H-NMR spectrum of pH](dimethyl)phenyl(3“phenylpropoxy)silaîne - a ._  CL
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The % deuterium incorporation throughout the molecule was estimated by 
measuring the reduction in signal intensities of the ’H-NMR spectrum of the 
compound. These values were then normalised for the whole molecule. This 
result compares well with the literature result, however, in the latter case no 
account was taken of the amount of deuterium incorporated into the Si-Ar ring, 
which normally ranged between 5-12%. The actual ion used to determine the 
deuterium abundance in the mass spectrum was weak, accounting for some 15% 
of the total ion current. As the base peak arises from a-cleavage next to oxygen 
and transfer of a proton to give an m/e at 118, it was not possible to use this ion 
to determine the % incorporation for the deuteriated material as the option exists 
for an a-, p- or even y-deuteron transfer taking place.
4.3.3 Deuteriation of cholesterol
The synthesis of 3p-(2-bromophenyldimethylsilyloxy)-5-cholestene was carried 
out in dichloromethane using imidazole as base; following purification by flash 
chromatography, the desired product was obtained in 80% overall yield. 
Treatment with tri-M-butyltin deuteride, in the presence of AIBN yielded the 
debrominated product as confirmed by TLC. ’H-NMR data of the crude product 
revealed the presence of both epimers in the ratio of approximately 4:1, p:a 
(relative to the OH group). Hydrolysis using dilute aqueous acid in dioxan and 
two recrystallisations from methanol afforded a sample of [3a-^H]cholesterol. 
The ’H-NMR spectrum revealed approximately 7% of the [3p-^H]epimer present 
in the sample (see Figures 4.32 & 4.33). Signals due to the residual proton at 
C-3 and the proton at C-6  were split due to the presence of the two epimeric 
forms. Mass spectral analysis indicated that there was approximately 79% 
deuterium incorporation in the molecule.
In order to obtain a sample of a single epimer for analysis, the mother liquors 
were combined and purified by flash chromatography. The two epimers were 
partially separated and the fractions containing primarily the p-epimer were 
combined and recrystallised from methanol to afford a sample of pure
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Figure 4.32: H-NMR spectrum of epimeric mixture of pH] cholesterol
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Figure 4.33: Expansion of H-NMR spectrum of pHjcholestei
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[3a-^H]cholesterol. Mass spectral analysis revealed that there was 
approximately 80% deuterium incorporation in the molecule.
The positions of deuterium incorporation were determined by and ^^C-NMR 
spectroscopy. The ^H-NMR spectrum (see Figure 4.34) revealed the deuterium 
to be predominantly incorporated at the 3-position (79%), there also being some 
deuterium incorporation at the 2- and 4-positions (see Figure 4.35). Whilst the 
2 -axial and the 2 -equatorial proton signals were well resolved, thereby making it 
possible to determine the deuterium abundance at each position, the 4-axial and 
4-equatorial protons could not be differentiated.
2.7%
4.6%
HO
13.7% at 4-a/4-e79.0%
% deuterium at each position 
Figure 4.35: Deuterium abundance in [3o'-^H]cholesterol
The ^^C-NMR spectrum (see Figures 4.36 & 4.37) was particularly useful for 
confirming the positions of deuterium incorporation. Deuterium which has a 
nuclear spin quantum number of 1 gives rise to a triplet when coupling occurs to 
another magnetic nucleus. Consequently, all carbons carrying a deuterium appear 
as a triplet in the NMR spectrum. In addition to this, there is an isotope effect 
on chemical shift which generally gives rise to additional shielding to 
surrounding atoms when compared to a proton. This results in an upfield shift 
in the signal due to that nucleus, the magnitude of which is dependant upon the 
distance between the nuclei. Therefore for a deuterium-carbon one bond 
interaction, the upfleld shift is of the order of 50-60 Hz whilst for a two bond 
interaction the upfleld shift is of the order of 12-14 Hz.
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Figure 4.34: ^H-NMR spectrum of [3a-^H]cholesterol
Eh a .  _  CL
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Figure 4.36: ^^C-NMR spectrum of [3a-^H]cholesterol
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Figure 4.37: Expansion of selected signals in spectrum of [3a-
^H] cholesterol
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A complete assignment of the ‘H- and ‘^ C-NMR spectra (see Figures 4.38 & 
4 .3 9 ) of an authentic sample of cholesterol in deuterio-chloroform was carried 
out to assist in identifying the positions of deuterium incorporation in the sample 
of [3a-^H]cholesterol. However, this was not possible from the ^H- and *^ C- 
NMR spectra alone and it was necessary to perform an additional 
correlation experiment to complete the assignment (see Figure 4.40).
The C-3 signal in the ^^C-NMR spectrum appeared as a group of signals at 
around 8  71.5. The signal at 8 71.80 was greatly reduced when compared with 
the same signal in the spectrum of the unlabelled sample and is due to the small 
percentage of molecules in which the carbon atom still carries protium rather 
than deuterium. Those molecules which contain caibon-deuterium give rise to a 
triplet at 8  71.33. In addition, there are two singlets at 8  71.76 which are not 
completely resolved which are due to those species where the carbons adjacent 
to C-3 are carrying deuterium ie. C-2 and C-4. The signal due to the C-4 
carbon at 8  42.32 shows couplings and shifts due to the deuterium present in the 
molecule. There is a large signal at 8  42.21 due to those species which have 
deuterium on the adjacent C-3 carbon. There is also a triplet at 8  41.93 due to 
those species where the C-4 carbon is carrying deuterium. The C-2 carbon is 
split into four signals with the unlabelled material giving rise to a signal at 8 
31.68. There is a signal at 8  31.66 which is just resolved and this is believed to 
be due to a long range coupling with those species which carry the deuterium on 
the C-4 carbon. At 8  31.57, is a large signal due to those species with 
deuterium on the C-3 carbon whilst at 8 31.27 is a triplet due to the C-2 
deuterium species. Finally the C-1 carbon gives rise to a signal at 8 37.26 due 
to the unlabelled material in addition to which there is a slightly shifted signal at 
8 37.16 due to those species in which the adjacent C-2 carbon is carrying 
deuterium.
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Figure 4.38: H-NMR spectrum of cholesterol
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Figure 4.39: ^^C-NMR spectrum of cholesterol
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Figure 4 .^ : H/ C correlat^n spectràm of chole^erol
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4.3.4 Conclusion
The model study with cholesterol demonstrates the potential of the use of 
intramolecular radical translocation processes as a means of accessing labelled 
compounds. The incorporation of deuterium into cholesterol was achieved with 
good regioselectivity (ca. 79%) and there was good stereoselectivity at the C-3 
centre. One major problem that needs to be overcome is optimisation of the 
synthesis of the (2-bromophenyl)chlorodimethylsilane reagent. It may be that 
there are alternatives to the use of this reagent, for example, 2 -bromobenzoyl 
chloride may provide a more accessible alternative just so long as the radical 
translocation remains viable and the subsequent removal of the benzoate 
protecting group can be effected without compromising the rest of the molecule.
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CHAPTER 5
EXPERIMENTAL SECTION
5.1 General Information
All spectrometric determinations and elemental analyses were carried out by the 
Department of Physical Chemistry, Fisons pic. Pharmaceutical Division.
Proton magnetic resonance spectra were obtained using either a Bruker AM 360 
MHz spectrometer or a Bruker AMX 500 MHz spectrometer. Deuterium, 
tritium and carbon-13 and tin-119 magnetic resonance spectra were obtained 
using a Bruker AMX 500 MHz spectrometer.
Mass spectra were obtained using the following spectrometers
VG Analytical 70-250 SEQ, VG Analytical 70-250 S, Finnigan TSQ 700 
instrument, Sciex API 3+ or a Finnigan Incos-XL. Spectra were recorded using 
electron impact (El), fast atom bombardment with a beam of xenon atoms 
(FAB), thermospray (TS) or electrospray ionisation (ESI) as judged most 
appropriate.
Elemental analyses (C, H, N) were obtained using a EA 1108 Carlo Erba 
Elemental Analyser. Water content was determined by Karl Fischer titration 
using a Baird and Tatlock AF6  Coulometric Karl Fischer Titrator.
Thin layer chromatography (TLC) was carried out on commercially available 
aluminium sheets coated with silica gel (Whatman silica gel F ^J. Spots were 
visualized with ultraviolet light or by means of a phosphomolybdic acid (PMA) 
dip. The latter was prepared as a 10% w/v solution of phosphomolybdic acid 
(12 M0 O3.H3PO4), in ethanol. The plates were dipped in the PMA solution and 
heated with a heat gun for 20-30 seconds (at ca. 400°C) until the spots became 
visible.
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"Dry" solvents, where used were obtained as follows: tetrahydrofuran (THF) was 
dried by distillation from sodium benzophenone ketyl; diethyl ether was stored 
over fresh sodium beads; tetramethylethylenediamine was distilled from calcium 
hydride; other solvents, where needed dry, were stored over activated 4A 
molecular sieves.
The molarity of alkyllithium reagents was determined according to the double 
titration procedure of Gilman^^
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5.2 Experimental for Directed Lithiation/Paliadium Coupling Chemistry
5.2.1 Synthesis of N,A-diethyl-2-methylbenzamide
i) s-BuLi, TMEDA 
 ►
ii) CH3I
'-Tetramethylethylenediamine (TMEDA, 810 jul, 5.35 mmol) was 
added to an oven-dried flask followed by anhydrous THE (30 ml) and the 
solution stirred under a dry nitrogen atmosphere and cooled to -72°C. 5- 
Butyllithium (1.1 M, 4.9 ml, 5.35 mmol) in cyclohexane was added slowly to 
afford a yellow solution followed by A-diethyIbenzamide (860 mg, 4.86 
mmol) dissolved in anhydrous THF (10 ml) which was added dropwise, over a 
40 minute period, maintaining the temperature at -72“C. After a further 30 
minutes at this temperature, a deep yellow solution of the lithiated N,N- 
diethylbenzamide species was obtained.
Methyl iodide (760 pi, 12.2 mmol) was injected directly into the lithiated 
solution and stirring continued for 15 minutes at -72°C. The solution was 
allowed to warm to room temperature and poured into water (100 ml), extracted 
with diethyl ether (3 x 100 ml) and the organic extracts combined and washed 
with water (150 ml). The solvent was removed under reduced pressure to afford 
the crude product (813 mg). Analysis by GC/MS revealed the following 
composition (see Table 5.1):-
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Table 5.1: GC composition of crude iV,A-diethyl-2-methylbenzamide 
product
RETENTION 
TIME (min.)
% MOLECULAR
ION
IDENTITY
4.13 1.4 No MS 
obtained, same 
retention time
0 c  
0
4.58 87.0 M+ 191, 
B+ 119
à f
9.35 7.1 M+ 281, 
B  ^ 209 x / -
The crude product was purified by flash chromatography, eluting with ethyl 
acetate/hexane, 1:1 by volume to afford A-diethy 1-2-methyIbenzamide (507
mg, yield = 55%).
GC:-
MS (EI):- 
‘H-NMR :- 
(360 MHz, C'HCl^)
’^ C-NMR:- 
(90.5 MHz, C'HCla)
Retention time, 4.59 min; 97.5%.
M+ 191, B" 119.
Ô 1.03 (3H, t, CH2ÇH3), 1.23 (3H, f, CH.CH.), 2.29 
(3H, 5, Ar-CHg), 3.12
(2H, q, NCH2), 3.44 & 3.73 (2H, 2 x b r  s, NCH^), 
7.14-7.28 (4H, mult, aromatic H).
6  13.9 & 14.0, C-lO/C-12; 18.8, C-7; 38.7 & 42.6, C- 
9/C-ll; 125.4 & 125.8,
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C-3/C-5; 128.5, C-4; 130.3, C-6 ; 133.8, C-2; 137.2, C- 
1; 170.8, C-8 .
12
11 ,
4
Elemental analysis:- Required for - C, 75.35%; H, 8.96%; N,
7.32%. Found - C, 73.82%; H, 9.12%; N, 7.18%.
5.2.2 Synthesis of iV,A^-diethyl-2-(tri“«-butyltm)benzamide
i) s-BuLi, TMEDA 
 ►
ii) BugSnCl
SnBu
a;a ;-T etram ethy le thy lened iam ine (TMEDA, 810 |l i 1, 5.35 mmol) was 
added to an oven-dried flask followed by anhydrous THF (30 ml) and the 
solution stirred under a dry nitrogen atmosphere and cooled to -72°C, s- 
Butyllithium (1.1 M, 4.9 ml, 5.35 mmol) in cyclohexane was added slowly to 
afford a yellow solution followed by A-diethylbenzamide (860 mg, 4.86 
mmol) dissolved in anhydrous THF (10 ml) which was added dropwise, over a 
40 minute period, maintaining the temperature at -72°C. After a further 30 
minutes at this temperature, a deep yellow solution of the lithiated N,N- 
diethylbenzamide species was obtained.
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Tri-«-butyltin chloride (3.96 g, 3.3 ml, 12.2 mmol) was injected direct into the 
lithiated solution and the reaction stirred for a further 30 minutes at 
-72°C. The solution was allowed to warm to room temperature, poured into 
water (100 ml) and extracted with diethyl ether (3 x 100 ml). The organic 
extracts were combined and washed with water (2 0 0  ml), dried over anhydrous 
magnesium sulphate, filtered and the solvent removed under reduced pressure to 
afford the crude product as an oil (5.0 g). Analysis by GC/MS revealed the 
following composition (see Table 5.2):-
Table 5.2: GC composition of crude A^,/V-diethyl-2-(tri-#i-butyltm)benzamide 
product
RETENTION % MOLECULAR IDENTITY
TIME (min.) ION
5.66 26.9 No M \  269 BugSnCI
6.04 10.0 No MS obtained ?
9.37 8.3 M + 281,
209
10.87 48.7 M+ 467, 
B+ 410
.SnBu3
g r
The crude product was purified by flash chromatography eluting with ethyl 
acetate/ hexane, 1:1 by volume which afforded a pure sample of peak 3 (213 
mg). The desired product (peak 4), however, required further purification and
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so a second chromatographic separation was undertaken, this time eluting with 
chloroform/hexane, 1:1 by volume, to yield iV,A^-diethyl-2-(tri-«-butyltin)- 
benzamide (987 mg, yield = 43%).
GC:-
MS (El):- . 
^H-NMR :- 
(360 MHz, C^HClj)
Retention time, 10.86 min.
M" 467, 410.
Ô 0.87 (9H, r, (CH.)nCHJ, 1.06 (6H, t, SnCHJ, 1.13 
(3H, br 5, NCH2Œ 3), 1.26 (3H, hr s, NCH.CH,), 1.30 
(6H, sext., SnCH^CHnCHnl 1.52 (6 H, mult., 
SnCH.CH.CH.), 3.31 & 3.53 (4H, 2 x b r s , 2 x  NCH^), 
7.25-7.34 (3H, mult., arom.-H), 7.49-7.61 (IH, sext., 
arom.-H; coupling = 39.2 Hz).
^^C-NMR :- 
(90.5 MHz, C'HClg)
6  10.5 (C-12, coupling « 341 Hz), 13.1 &
14.1 (2 X  br s, C-9/C-11), 13.7 (C-15), 27.4
(C-14, coupling « 65 Hz), 29.1 (C-13, "C-
""/""Sn coupling « 19 Hz), 39.3 & 43.7 (2 x br s, C- 
8/C-lO), 125.8 (C-6 , coupling « 31 Hz),
127.1 (C-5, coupling « 1 Hz), 128.2, (C-4,
i3c-ii7/ii9sn coupling « 36 Hz), 137.3 (C-3, '^C-"^/"^Sn 
coupling « 28 Hz), 142.4 (C-2, no coupling
observed), 143.7 (C-1, '^ C-^ *^ '”^Sn coupling « 32 Hz),
173.0 (C-7).
4
" ’Sn-NMR 5 -39.9 ppm, ('H-"’Sn coupling » 50 Hz).
(134.3 MHz, ext. ref. (CH3>4Sn = 0.00 ppm, C'HCl,)
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Elemental analysis:- Required for CzgH^iNOSn - C, 59.25%; H, 8 .8 6%; N,
3.00%. Found - C, 58.76%; H, 8.72%; N, 3.04%.
The synthesis of A^,A^-diethyl-(2-tributyltin)benzamide was repeated on a 24 
mmolar scale which afforded a total of 22.3 g of crude product (estimated yield 
based upon GC analysis = 50%). Small batches of product were purified, as 
needed, by flash chromatography on silica gel eluting with dichloromethane.
5.2.3 Synthesis of [ 2 , benzoic acid
COOH COOH
RhClg 2H JL 2H
Oj IQ
Sodium benzoate (900 mg), rhodium chloride trihydrate (90 mg) and deuterium 
oxide (99.9% atom abundance; 2.25 ml) were dissolved in anhydrous DMF 
(2.25 ml) and heated at 107“C for 24 hours. The reaction mixture was allowed 
to cool and poured into water (50 ml) which was acidified with 10% v/v 
aqueous hydrochloric acid to pH 1. The aqueous suspension was extracted with 
ethyl acetate (3 x 50 ml) and the combined organic solutions extracted with 5% 
w/v aqueous sodium hydrogen carbonate (2 x 100 ml). The basic aqueous 
extract was acidified with concentrated hydrochloric acid to pH 2 and re­
extracted with ethyl acetate (3 x 100 ml) and butan-l-ol (100 ml). The organic 
extracts were combined and the solvent removed under reduced pressure to leave 
555 mg of [2,6 -^H2]benzoic acid. MS analysis revealed the atom % abundance 
to be 94.0%.
A repeat reaction was performed to afford a further 173 mg of [2 ,6 -^H2]benzoic 
acid; MS analysis showed the atom % abundance to be 94.6%.
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5.2.4 Synthesis of A^,.iV-diethyl-[2,6-^H2]benzamide
COOH
2H o i) SO CL 2H2R
[2 ,6 -^H2]Benzoic acid (711 mg, 5.73 mmol) was heated with thionyl chloride (5 
ml, 68.5 mmol) for 5 minutes to give a clear yellow solution. The excess 
thionyl chloride was removed under reduced pressure to afford an oil which was 
azeotroped with toluene to remove the last traces of thionyl chloride.
The resulting benzoyl chloride was dissolved in dichloromethane (10 ml) and 
added to a stirred solution of diethylamine (838 mg, 1.186 ml, 11.46 mmol) in 
dichloromethane (10 ml) over a 5 minute period. After a further 15 minutes the 
organic solution was washed with 10% v/v aqueous hydrochloric acid (2 x 25 
ml), 5% w/v aqueous sodium hydrogen carbonate (2 x 25 ml) and the organic 
solvent removed under reduced pressure to afford the crude product as an oil 
(900 mg). TLC eluting with ethyl acetate/hexane, 1:1 by volume revealed one 
main component corresponding to the desired product.
The crude material was purified by flash chromatography on silica gel, eluting 
with ethyl acetate/hexane, 1:1 by volume to afford #,A-diethyl-[2 ,6 -^H2]- 
benzamide (794 mg; yield = 77%).
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5.2.5 Synthesis of iV,iV-diethyl-[6-^H]-2-(tri-/i-butyltin)benzamide
2H SnBu
A^ ,A'iA^ ’,iV'-Tetraniethylethylenediamine (TMEDA, 702 jal, 4.65 mmol) was 
added to an oven-dried flask followed by anhydrous THF (40 ml) and the 
solution stirred under a dry nitrogen atmosphere and cooled to -72°C. s- 
Butyllithium (1.1 M, 4.23 ml, 4.65 mmol) in cyclohexane was added slowly to 
afford a yellow solution, followed by A,A-diethyl[2,6-^H2]benzamide (757 mg, 
4.23 mmol) dissolved in anhydrous THF (15 ml), which was added dropwise 
over a 60 minute period, maintaining the temperature at -72°C. After a further 
one hour at this temperature, a deep yellow/orange solution of the lithiated N,N- 
diethylbenzamide species was obtained.
Tri-rt-butyltin chloride (3.48 g, 2.9 ml, 10.6 mmol) was injected direct into the 
lithiated solution and the reaction stirred for a further 30 minutes at -72°C. The 
solution was allowed to warm to room temperature, poured into water (100 ml) 
and extracted with diethyl ether (2 x 100 ml). The organic extracts were 
combined and washed with water (2 x 100 ml), dried over anhydrous 
magnesium sulphate, filtered and the solvent removed under reduced pressure to 
afford the crude product.
The crude material was purified by flash chromatography on silica gel eluting 
initially with dichloromethane and finally with dichloromethane/ethyl acetate,
4:1 by volume to afford /V-diethyl-[6-^H]-2-(tri-«-butyltin)benzamide (250.2 
mg,; yield = 13%).
GC:- Retention time 10.84 minutes; 95%
MS (El):- No M \ B+ 411
108
’H-NMR:- 
(360 MHz,
ô 0.80 (3H, br s, NCH.CH,), 0.99 (9H, r,
Sn(CH,).CH.), 1.09 (3H, br s, NCH.CH,), 1,32 (6 H, 
mult, SnCH.), 1.49 (6H, mult, SnCH.CHo). 1.77 (6 H, 
mult, SnCHoCH.CH.), 3.08 & 3.33 (4H, 2 x b r s , 2 x  
NCH2), 7.09 (IH, dd, H-5), 7.19 (residuai-H, br s, H-6), 
7.25 (IH, t, H-4), 7.79 (IH, dt,  H-3).
^^ C-NMR 
(90.6 MHz,
Ô 11.0, C-12; 13.4, 67-f C-9/C-11; 13.7, C-15; 27.7, 
C-13; 29.3, C-14; 39.4, C-8 ; 43.1, C-10;
126.0, t, C-6 ; 126.9, C-5; 128.6, C-4; 137.5 C-3; 143.4, 
C-2; 144.0, C-1; 172.7, C-7.
5.2.6 Synthesis of iV,iV-diethyl-2-deuteriobenzamide
SnBu
C H ,C 0 0 2 H
2H ,0
r
2H
Method A
A/,A-Diethyi-2-(tri-«-butyltin)benzamide (200 mg, 0.43 mmol), acetic acid-^/ (43 
mg, 40.6 nl, 0.70 mmol) and deuterium oxide (4.4 mg, 4.0 p-l, 0.22 mmol) were 
placed in a 300 pi Reactivial which was sealed and heated at 75°C for 24 hours.
The whole of the reaction was added to 5% w/v aqueous sodium carbonate (50 
ml) and extracted with diethyl ether (2 x 50 ml). Removal of the organic 
solvent under reduced pressure followed by azeotroping the resulting oil first 
with toluene and then with ethanol afforded the crude product (203 mg). TLC 
in chloroform/hexane, 1:1 by volume and ethyl acetate/hexane, 1:1 by volume 
revealed only 50% conversion to the desired product had occurred. A sample of
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the crude product was submitted directly for GC/MS analysis. GC revealed that 
only 2 0 % of the desired product had been formed after this time and that the 
atom % abundance of deuterium in the product was 71%.
Method B
/V,/V-Diethyl-2-(tri-M-butyltin)benzamide (200 mg, 0.43 mmol), trifluoroacetic 
anhydride ( 108.4 mg, 73 pi, 0.516 mmol) and deuterium oxide (9.46 mg, 8 .6  
pi, 0.47 mmol) were placed in a 300 pi Reactivial which was sealed and heated 
at 75° C for 24 hours. The reaction was worked up as for Method A to afford 
217 mg of crude product. Analysis by GC revealed only the desired product, 
with no trace of starting material.
The crude product was purified by flash chromatography on silica gel, eluting 
with ethyl acetate/hexane, 1:1 by volume to afford A-diethy 1-2 -deuterio- 
benzamide (59.2 mg; yield = 78%).
GC:- Retention time 4.14 min, 100%.
MS (El):- M  ^ 177/178, B  ^ 106; atom % abundance = 78%.
MS (FAB):- M+H 178/179; atom % abundance = 8 6%.
'H-NMR :- 5 1.10 (3H, br s, CH3), 1.24 (3H, br s, CH3), 3.24 (2H,
(360 MHz, C ^C l]) br s, NCH^), 3.54 (2H, br s, NCHj, 7.38 («4H, 5,
aromatic H).
'^C-NMR :- Ô 12.9 & 14.2 (2 x CH3), 39.2 & 43.3 (2 x CH^), 126.0
(90.5 MHz, C"HCl3) (t, C-2), 126.3 (C-6), 128.3 (C-3), 128.4 (C-5), 129.1
(C-4), 137.2 (C-1), 171.3 (C=0).
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5.2.7 Synthesis of tetrakis(triphenylphosphme)palladium(0)
NHoNH-
PdCL
PPh.
(PPh3)4Pd
Palladium(II) chloride (1.77 g, 10 mmol) and triphenylphosphine (13.1 g, 50 
mmol) were placed in a 250 ml round-bottomed flask and anhydrous DMSO 
(120 ml) added. The flask was continuously purged with dry nitrogen and 
heated on an oil bath to 140°C to afford an almost clear solution (a trace of 
triphenylphosphine remained undissolved). Anhydrous hydrazine (1.28 g, 1.26 
ml, 40 mmol) was added rapidly using a syringe and a vigorous reaction ensued. 
The solution was allowed to cool to room temperature and a yellow crystalline 
product was obtained. The solid was filtered under nitrogen and washed with 
ethanol (2 x 25 ml) and diethyl ether (2 x 25 ml). The yellow crystals were 
dried under a stream of nitrogen for 1 hour to afford tetrakis(triphenyl- 
phosphine)palladium(O) (10.79 g; yield = 93%).
5.2.8 Synthesis of 4-nitrobenzylbis(tnphenylphosphme)paIladium(II) chloride
(PPh3)4Pd +
NO
PhH
Ph3P, ,C1
PPh
Tetrakis(triphenylphosphine)paIladium(0) (1.79 g, 1.55 mmol) and 4-nitrobenzyl 
chloride (1.00 g, 5.83 mmol) were suspended in benzene (50 ml) and stirred at 
room temperature under nitrogen. After approximately four hours, a deep 
orange solution was obtained and after 24 hours, a fine yellow precipitate had 
formed.
- I l l  -
The volume of benzene was reduced by one half and diethyl ether (100 ml) 
added followed by pentane (200 ml). The precipitate was filtered, washed with 
pentane and dried under vacuum to afford 4-nitrobenzylbis(triphenylphosphine)- 
palladium(II) chloride (1.173 g; yield = 94%).
MS (FAB)>
^H-NMR:-
(360 MHz, C^HCls)
Elemental analysis
M+H, 903, 339.
Ô 2.61 (2H, br s, ArCHj), 6.35 (2H, br s, o-nitro- 
benzyl-H), 7.0 - 7.8 (32H, mult., 6  x Ph + w- 
nitrobenzyl-H).
Required for QgHggClNOzPzPd - C, 64.35%; H, 4.52%; 
N, 1.75%. Found - C, 64.42%; H, 4.54%; N, 1.82%.
5.2.9 Synthesis of AyV-diethyl-2-methylbenzamide
SnBu
A series of reactions were carried out using the following general procedure to 
look at the formation of A(7V-diethyl-2-methylbenzamide.
Procedure:-
7/,A-Diethyl-2-(tri-«-butyltin)benzamide (200 mg, 0.43 mmol), iodomethane 
(67.1 mg, 29.4 p.1, 0.47 mmol) and a solvent (2 ml) were placed in a 3 ml 
Reactivial and tetrakis(triphenylphosphine)palladium(0) (4.2 mg, 0.0036 mmol) 
was either added or omitted from the vial. The vials were then sealed and 
heated for 24 hours.
The reaction was poured into water (10 ml) and extracted with dichloromethane 
(2 X 10 ml) and the organic extracts combined, washed with water (3 x 20 ml)
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and the solvent removed under reduced pressure to afford an oil. The crude 
products were submitted for GC/MS analysis (see Table 5.3).
Table 5.3: GC analysis of crude products
Conditions % Composition of crude products
r
P 6 r
r
S n B u  3
g r
HMPA, 62°C 17% 0 % 83%
HMPA, 62T 70% 18% 12%
(Ph3P)4Pd
NMP, 70°C 1% 0% 99%
NMP, 70“C 27% 29% 44%
(Ph3P)4Pd
5.2.10 Maximisation of the yield of iV,/V-diethyl-2-metliylbenzamide
A series of experiments were performed to try and maximise the yield of N,N- 
diethyl-2-methylbenzamide. The following standard conditions were employed:
Iodomethane (67.1 mg, 0.47 mmol; 1.15 eq.), A/A/-diethyl-2-(tri-«-butyltin)- 
benzamide (200 mg, 0.43 mmol; 1 eq.), catalyst (0.01 eq., unless stated 
otherwise) and solvent (2 ml). Parameters such as catalyst, reaction time and 
stoichiometry were examined to try and identify the optimum conditions. The 
reactions were carried out and worked up as described in the previous section
- 1 1 3 -
and the crude products were analysed by GC/MS. The results are reported in 
Table 5.4.
5.2.11 Synthesis of A^,A^-diethyl-2-[^H3]methylbenzamide
SnBui C2H
Using the information obtained in the last set of experiments, a series of three 
reactions were performed with different catalysts and using iodomethane-^/j to 
demonstrate the effectiveness of the coupling reaction.
A^,A^-Diethyl-2-(tri-«-butyltin)benzamide (200 mg, 0.43 mmol), iodomethane-t/j 
(67 mg, 0.47 mmol), catalyst (0.0047 mmol) and NMP were placed in a 3 ml 
Reactivial which was sealed and heated at 70*C for 24 hours. The vials were 
allowed to cool and the reaction mixtures were poured into water (1 0  ml) and 
extracted with dichloromethane (2 x 10 ml). The organic extracts were 
combined and washed with water (3 x 20 ml) and the organic solvent removed 
under reduced pressure. Analysis of the crude products by GC/MS revealed the 
following compositions (see Table 5.5).
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5.2.12 Synthesis of A^,A^-diethyl-2-acetylbenzamide
EtoN
SnBii:
A series of three reactions were set up in 5 ml Reactivials using the following 
quantities of reagents: A^TV-diethyl 2-(tri-«-butyltin)benzamide (200 mg, 0.43 
mmol), benzylchloro(bistriphenylphosphine)palladium(II) (1.3 mg, 0.0015 
mmol), acetyl chloride (freshly distilled; 44.2 mg, 40 pi, 0.57 mmol) and 
solvent (2 ml) which was either HMPA, THF or chloroform. The vials were 
sealed and heated at 80°C. All the solutions were initially yellow, but this 
colour was rapidly discharged to varying degrees in the three reactions. The 
appearance of a fine black precipitate was noticed very rapidly in the chloroform 
reaction whilst in the HMPA reaction the fine, black precipitate appeared after 
approximately one hour.
After heating overnight, all vials showed signs of a substantial black metallic 
precipitate. Each reaction was worked up by filtering to remove the black 
precipitate and diluting down with chloroform (20 ml). The organic solution 
was washed with water (2  x 20  ml) and the solvent removed under reduced 
pressure to afford the crude product in each case; samples of each were analysed 
by GC/MS (see Table 5.6).
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Table 5.6: GC analysis of crude A^,A^-diethyl-2-acetyIbenzamide products
Solvent Crude weight % Composition of crude product*
EtjN. ^ 0P
RT = 8.14 min RT = 10.38 min
HMPA 1696 mg** 35.4% 64.6%
THF 249 mg 12 .2 % 87.8%
CHCI3 242 mg 14.9% 85.1%
* % corrected for solvent and other volatile reaction by-products eg. Bu^SnCl; 
GC response factors are not known
** Sample contains HMPA
The whole of the crude product from the chloroform reaction was purified by 
preparative TLC using two 200 x 200 x 2 mm silica gel TLC plates which were 
developed in ethyl acetate/wo-hexane, 3:1 by volume. The band due to the 
desired product was removed and the silica eluted with ethyl acetate initially and 
then ethyl acetate/methanol, 4:1 by volume. Following removal of the solvent, 
the 7/,iV-diethyl-2-acetylbenzamide product was obtained as a clear oil (92 mg; 
yield = 97.7%).
GC:-
MS (EI):- 
’H-NMR:- 
(360 MHz, C^HClj)
Retention time, 10.40 min; 99.1%
M-1, 218; B \  72.
Ô 1.03 (3H, t, CH3), 1.28 (3H, f, CH3), 2.60 (3H, 5, 
CH3CO), 3.08 (2H, q, CH^N), 3.58 (2H, q, CH^N), 7.28 
(IH, d, arom.-H), 7.47 (IH, t, arom.-H), 7.66 (IH, q, 
IH), 7.84 (IH, d, arom.-H).
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5.3 Experimental Section for Rhodium-directed Metallation Systems
5.3.1 Deuteriation of 4-hydroxy-6-propyH-{(2’-(lH-tetrazol-5-yl)[l,l’-biphenyI]-
4-yl)methyl}-2(lH)-pyridinone; FPL 67876XX
OH OH
N - N H N - N H
FPL 67876XX (15.2 mg, 0.039 mmol), rhodium trichloride trihydrate (5.5 mg, 
0.021 mmol), deuterium oxide (99.8% atom abundance; 10 pi, 0.55 mmol) and 
#-dimethylformamide (100 pi) were placed in a 300 pi Reactivial which was 
sealed and heated at 105“C for 18 hours.
The reaction mixture was diluted with 10% v/v aqueous hydrochloric acid (5 
ml) and extracted with chloroform/wo-propanol, 1:1 by volume ( 2 x 5  ml). The 
organic extracts were combined and back-extracted into 5% w/v aqueous sodium 
hydrogen carbonate (10 ml). The aqueous solution was acidified with 
concentrated hydrochloric acid and extracted with chloroform/wo-propanol, 1:1 
by volume (10 ml). Removal of the organic solvent under reduced pressure 
followed by trituration with hexane afforded a light brown solid. TLC in 
dichloromethane/methanol/formic acid, 19:1:0.05 by volume revealed the 
required product plus a more polar impurity at the baseline.
MS (FAB):- 
’H-NMR:-
(360 MHz, (C % )2S0 )
M+H cluster at 388, 389, 390, 391, 392 
Ô 0 .8 6  (3H, /, CH3), 1.45 (2H, mult, CH j, 2.43 
(2H, t, CH2), 5.20 (2H, br s, NCH^), 5.71 (IH, .s, 
Hy), 5.87 (0.4H, d, HJ, 7.00 (2H, t, H /H J, 7.04 
(0.8H, d, H/Hf), 7.52 (IH, d, Hj), 7.57 (IH, dd, H J,
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7.64 (0.3H, d, Hg), 7.66 (IH, <i, HJ. In addition to 
DMF in the sample there were very broad signals 
apparent on the baseline.
OH
N -N H
1
An estimate of the deuterium incorporation was made after correcting for the 
natural abundance of carbon, hydrogen, oxygen and nitrogen isotopes in the 
compound. The % contribution of the total ion intensity arising from labelled 
species was calculated and found to be 88.7%. Based upon the NMR data, it 
appeared that up to 4 positions were labelled with deuterium which equates to 
an atom % abundance of 47.3%.
5.3.2 Trial Tritiation of 4-hydroxy-6-propyl-l-{(2’-(lH-tetrazol-5-yl)[l,l’- 
biphenyI]-4-yl)methyl}-2(lH)-pyridmone; FPL 67876XX
OH
N - N H
OH
N - N H
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FPL 67876XX (11.6 mg, 0.03 mmol), rhodium chloride trihydrate (5.5 mg,
0.021 mmol), tritium oxide (5 Ci m l'\ 10 pi, 50 mCi, 0.09 Ci mmol'*) and 
iV^A^-dimethylformamide (100 pi) were placed in a 300 pi Reactivial which was 
sealed and heated at 105°C for 18 hours. (Note: overnight the temperature of 
the heating block rose to 115°C).
The reaction mixture was allowed to cool and the contents diluted with 10% v/v 
aqueous hydrochloric acid (5 ml) and extracted with chloroform//.yo-propanol,
1:1 by volume ( 2 x 5  ml). The organic extracts were combined and back- 
extracted with 5% w/v aqueous sodium hydrogen carbonate (10 ml). The 
aqueous extract was then acidified with concentrated hydrochloric acid to pH 1 
and re-extracted with chloroform/wo-propanol, 1:1 by volume (10 ml). Removal 
of the organic solvent under reduced pressure afforded an oily solid which was 
azeotroped with ethanol twice to ensure complete removal of labile tritium from 
the molecule.
The crude tritiated product was made up to a known volume in chloroform/wo- 
propanol, 1:1 by volume and the radioactive concentration determined using 
liquid scintillation counting; a total of 1.17 mCi of radioactivity was recovered 
(radiochemical yield = 4.7%). The radiochemical purity was deteimined by 
TLC in dichloromethane/methanol/formic acid, 19:1:0.05 by volume followed by 
radiochromatogram scanning. Only 15% of the total radioactivity was found to 
coelute with a standard of the desired product, the rest of the radioactivity was 
associated with material at the baseline. Removal of the solvent and trituration 
with hexane followed by drying under vacuum afforded a brown solid (14.8 
mg).
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5.3.3 Large scale tritiation of 4-hydroxy-6-propyl-l-{(2’-(lH-tetrazol-5-yl)[l,l’- 
biphenyl]-4-yl)methyI}-2(lH)-pyridinone; FPL 67876XX
OH
N - N H
OH
N “ N H
3H
FPL 67876XX (103.2 mg, 0.27 mmol), rhodium chloride trihydrate (36 mg,
0.14 mmol), tritium oxide (5 Ci ml'% 65 (il, 325 mCi, 0.09 Ci mmol'’) and N,N- 
dimethylformamide (1 ml) were placed in a 3 ml Reactivial which was sealed 
and heated at 105“C for 18 hours. The reaction mixture was allowed to cool 
and the contents diluted with 10% v/v aqueous hydrochloric acid (25 ml) and 
extracted with chloroform/wo-propanol, 1:1 by volume (2 x 25 ml). The 
organic extracts were combined and back-extracted with 5% w/v aqueous 
sodium hydrogen carbonate (50 ml). The organic layer remained very yellow 
and so a second extraction with aqueous sodium hydrogen carbonate was 
performed, however, a significant amount of colour still remained. The aqueous 
extracts were combined and acidified with concentrated hydrochloric acid to pH 
1 and re-extracted with chloroform/wo-propanol, 1:1 by volume (50 ml). 
Removal of the organic solvent under reduced pressure afforded an orange oily 
solid which was azeotroped with ethanol to yield an orange/yellow solid (80.4 
mg).
The organic phase remaining following base extraction was reduced to dryness 
and azeotroped with ethanol to afford a pale yellow/orange solid (70.9 mg). 
The specific radioactivities of the two solids was determined by liquid 
scintillation counting and found to be 56.7 pCi mg*’ (total radioactivity = 4.56 
mCi) and 59.6 pCi mg'’ (total radioactivity = 4.23 mCi) respectively.
- 122 -
Examination of the products using TLC revealed that the base-soluble material 
comprised of FPL 67876XX plus another component. The sample which was 
not extracted with base comprised entirely of the unknown component. A 
sample of this unknown material was submitted for ’H- and ^H-NMR 
spectroscopy.
Other than solvent impurities, such as DMF and wo-propanol, the ’H-NMR 
spectrum was comprised entirely of very broad signals. However, these were at 
approximately the chemical shifts as would be expected for those protons in FPL 
67876XX indicating that the unknown component is probably closely related to 
the required compound. The extreme line broadening is believed to be due to 
the presence of a paramagnetic rhodium species which results in the more 
efficient relaxation of the proton nuclei. No ^H-NMR spectrum was observable 
due to this pronounced line broadening..
5.3.4 Attempted décomplexation of FPL 67876XX/rhodium complex
Investigations were carried out to identify possible conditions which might result 
in the cleavage and liberation of labelled FPL 67876XX. The following three 
reactions were set up using the base-insoluble tritiated material isolated in the 
above large scale synthesis. The course of each reaction was monitored by 
TLC/radiochromatogram scanning.
Reaction A: pH]FPL 67876XX 3.1 mg
formic acid 2 0  pi
methanol 100  pi
Reaction B: pH]FPL 67876XX 2.5 mg
acetylacetone 5.3 pi
aq. sodium hydroxide (2 M) 50 pi
methanol 2 0 0  pi
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Reaction C: pH]FPL 67876XX 1.4 mg
aq. sodium hydroxide (2 M) 50 pi
methanol 2 0 0  pi
The Reactivials were sealed and heated at 105 “C for 30 minutes, after which 
time the following visible changes were noted for each reaction. Reaction A 
had not completely dissolved and a significant amount of solid was still present. 
Reaction B was completely in solution and the colour had changed to a slightly 
deeper yellow. Reaction C had a black metallic precipitate of rhodium present. 
The three reactions were examined by TLC in chloroform/diethyl ether/formic 
acid, 14:4:2 by volume and the results reported in the table below.
% composition of reactions
Baseline complex FPL 67876XX Non-polar imp.
Reaction A 97% 3% 0 %
Reaction B 57% 37% 6 %
Reaction C 41% 56% 3%
5.3.5 Décomplexation of [^H]FPL 67876XX/rhodium complex
pH]FPL 67876XX (70 mg, 4.26 mCi) was dissolved in methanol (4 ml) 
containing aqueous sodium hydroxide (5 mol V\ 0.75 ml, 3.75 mmol) and the 
solution transferred to a 5 ml Reactivial. The vial was sealed and heated at 
85 °C and a precipitate of rhodium metal was soon observed. The course of the 
décomplexation reaction was monitored by TLC in chloroform/diethyl 
ether/formic acid, 14:4:2 by volume followed by radiochromatogram scanning.
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Time (hr.) Baseline complex FPL 67876XX Non-polar imp.
0 100% - -
0.5 75% 25% -
1.0 62% 37% 1%
2 .0 59% 39% 2%
250 pi of 5 M aqueous sodium hydroxide added
3.0 54% 43% 3%
Temperature of reaction increased to 105°C
4.5 36% 59% 5%
6 .0 23% 69% 7%
After 6 hours the reaction was allowed to cool and the precipitated rhodium 
metal removed by filtration. The filtrate was diluted with 5% w/v aqueous 
sodium hydrogen carbonate (25 ml) and extracted with chlorofbrm/zjo-propanol, 
1:1 by volume (25 ml) to remove any remaining complex. The base extract was 
acidified with concentrated hydrochloric acid and extracted with chloroform/wo- 
propanol, 1:1 by volume (25 ml). Removal of the organic solvent under 
reduced pressure afforded, after drying under vacuum, a total of 46 mg of 
pH]FPL 67876XX (total radioactivity = 2.6 mCi; 74% FPL 67876XX by TLC). 
The solution of the complex was reduced to dryness to afford a further 12 mg of 
material (total radioactivity = 0.3 mCi; 12% FPL 67876XX by TLC).
The total recovered tritium was 2.9 mCi which corresponds to a loss of some 
30% of the original total radioactivity. This could be due to back-exchange of 
tritium from more labile positions in the molecule.
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The sample of pH]FPL 67876XX was repurified by reversed-phase HPLC using 
the following conditions:
Column: Dynamax C-18 300 x 21.4 mm
Solvent: 60% methanol containing 0.5% w/v ammonium acetate
40% water containing 0.5% w/v ammonium acetate 
Flowrate: 15.75 ml m in’
Detection: UV - 254 nm
The whole sample (46 mg) was dissolved in 5% w/v aqueous sodium hydrogen 
carbonate (2 ml) and mobile phase (3 ml) was added and the sample purified in 
approximately four equal injections (retention time = 10.5 minutes). The 
fraction containing the desired product was collected each time and pooled. The 
methanol was removed under reduced pressure and the resulting aqueous 
solution acidified with concentrated hydrochloric acid and extracted with 
chloroform/wo-propanol, 1:1 by volume (2 x 25 ml). Removal of the organic 
solvent afforded an oil which upon trituration with hexane yielded a white solid. 
After drying under vacuum a total of 21.5 mg of pH]FPL 67876XX was 
obtained (59.13 pCi mg ’; 1.2 mCi). Examination of the radiochemical purity 
by TLC/radiochromatogram scanning in chloroform/diethyl ether/formic acid, 
14:4:2 by volume and dichloromethane/methanol/formic acid, 19:1:0.05 by 
volume gave estimates of 93% and 96% respectively.
The entire sample was dissolved in hot methanol («1 ml), filtered to remove 
particulate material and water (0.5 ml) added to yield a slightly turbid solution. 
The solution was allowed to cool to room temperature and then stored at 4°C 
overnight. The resulting crystalline product was filtered and dried under 
vacuum to yield 6.3 mg of pH]FPL 67876XX whilst the mother liquors were 
reduced to dryness to afford a further 9.7 mg of pH]FPL 67876XX.
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The radiochemical purity of each batch was examined by reversed-phase HPLC 
using the following conditions:
Column: p-Bondapak C-18 300 x 3.9 mm
Solvent A - methanol
B - 0.15 v/v aqueous trifluoroacetic acid 
Flowrate: 2 ml min"’
Gradient: Initial A at 50% then increase linearly to 95% A over 10.45
minutes and then hold for 4.25 minutes.
T emperature : 40° C
Detection: UV - 230 nm
Radioactivity - 0.55 ml homogeneous flowcell plus 
Monoflow-2 at 6 ml min ’
The radiochemical purity of the crystalline product was found to be 98.0% 
whilst the mother liquors were found to have a radiochemical purity of 89.7%.
Following a similar procedure, the remaining batches of crude pH]FPL 
67876XX and complexed material yielded a further 60.2 mg of pH]FPL 
67876XX (57.3 pCi mg ’; total radioactivity = 3.45 mCi). The radiochemical 
purity was examined by reversed-phase HPLC using the previously described 
conditions and was found to be 99.2%. A sample was also examined using ’H- 
and ^H-NMR spectroscopy.
’H-NMR:- Ô 0.86 (3H, t, CH3), 1.45 (2H, mult, CHJ, 2.42
(500 MHz, (C % )2SO) (2H, t, CH^), 5.19 (2H, hr s, CH^N), 5.62 (IH, .y,
HJ, 5.79 (IH, 5 , HJ, 7.02 (4H, q, H /H /H /H f), 7.53 
(IH, d, Hj), 7.56 (IH, d, HJ, 7.64-7.68 (2H, mult, 
H/H;).
'H-NMR (’H-decoup.):- 6  5.83 (42% 'H, HJ; 7.09 (40% 'H, H /H J; 7.69
(533.5 MHz, (C%3)2SO) (18% 'H, HJ.
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5.3.6 Deuteriation of 4-methoxy-6-propyl-l-{(2’-(lH»tetrazol-5-yl)[l,l’-biphenyl]- 
4-yl)methyl}>2(lH)-pyridmone: FPL 68270XX
OCH
N - N H N - N H
2H
FPL 68270XX (10 mg, 0.025 mmol), rhodium chloride trihydrate (3.27 mg, 
0.013 mmol), deuterium oxide (99.8% atom % abundance; 10 pi, 0.560 mmol) 
and 7/,A^-dimethylformamide (100 pi) were placed in a 300 pi Reactivial which 
was sealed and heated at 105“C for 18 hours. After allowing the vial to cool, 
the bright yellow solution was poured into aqueous hydrochloric acid (2  mol l '\  
5 ml) and extracted with chloroform/wo-propanol, 1:1 by volume ( 2 x 5  ml). 
The organic extracts were combined and back-extracted with 5% w/v aqueous 
sodium hydrogen carbonate (1 0  ml; the yellow colour remained in the organic 
phase). The aqueous extract was acidified with concentrated hydrochloric acid 
and re-extracted with chloroform/wo-propanol, 1:1 by volume (5 ml).
TLC examination of the two organic extracts using chloroform/methanol/ formic 
acid, 19:1:0.05 by volume revealed only a trace of free FPL 68270XX in both 
extracts, the major product was associated with material at the baseline in the 
first organic extract. Consequently, both organic extracts were combined and 
the solvent removed under reduced pressure to afford a yellow/orange solid.
MS (FAB):- 
'H-NMR:-
(360 MHz, (C% 3)2S0 )
M + H cluster at 402, 403, 404 (most abundant), 
405, 406, 407
Very broad signals were observed at the expected 
chemical shifts for the compound; broadening
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assumed to be due to the presence of paramagnetic 
impurities in the sample.
5.3.7 Tritiation of 4-methoxy-6-propyI-l-{(2’-(lH-tetrazol-5-yl)[l,l’-biphenyl]-4- 
yl)methyl}-2(lH)-pyridinone: FPL 68270XX
OCH
N - N H
OC H
N - N H
FPL 68270XX (80 mg, 0.2 mmol) was placed in a 3 ml Reactivial and rhodium 
chloride trihydrate (26.8 mg, 0.10 mmol), tritium oxide (90 mCi mmol'% 80 pi, 
400 mCi) and iVjA^-dimethylformamide (1 ml) added. The vial was sealed and 
heated at 105°C for 18 hours. The vial was allowed to cool and the contents 
poured into aqueous hydrochloric acid (2 mol 1'% 25 ml) and extracted with 
chloroform/z\so-propanol, 1:1 by volume (2 x 25 ml). The organic extracts were 
combined and washed with aqueous hydrochloric acid (50 ml) followed by water 
(50 ml) and the solvent removed under reduced pressure. The resulting oil was 
azeotroped with ethanol (2 x 2  ml) and triturated with hexane to afford a light 
tan solid which was dried under vacuum to yield 104 mg of crude product 
(120.6 pCi m g'\ 12.54 mCi). TLC in chloroform/methanol/formic acid, 
19:1:0.05 by volume followed by radiochromatogram scanning revealed that 
80% of the total radioactivity was associated with a spot at the baseline and the 
remaining 20% of radioactivity was due to free FPL 68270XX.
The whole of the crude product was transferred to a 5 ml Reactivial and 
methanol (4 ml) and aqueous sodium hydroxide (5 mol l '\  0.75 ml) added and
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the vial sealed and heated at 105°C. The solution initially turned yellow and 
then became clear after five minutes at 105°C. After a further five minutes, a 
black precipitate of rhodium metal was observed. After three hours, TLC 
revealed 62% of the total radioactivity was now associated with free FPL 
68270XX , the remainder being at the baseline. After a further 2.5 hours, there 
was little change.
The vial was allowed to cool and the precipitated rhodium removed by filtration 
and the filtrate added to 5% w/v aqueous sodium hydrogen carbonate (25 ml). 
The base solution was extracted vdth chloroform/wo-propanol, 1:1 by volume 
(25 ml) and the aqueous layer acidified with concentrated hydrochloric acid and 
re-extracted with chloroform/wo-propanol, 1:1 by volume (2 x 25 ml). The two 
organic extracts were examined by TLC/radiochromatogram scanning, however, 
no significant difference was observed and so they were combined and the 
solvent removed under reduced pressure to leave an orange crystalline solid. 
After drying under vacuum, a total of 93.4 mg of pH]FPL 68270XX (86.7 pCi 
mg'% total radioactivity = 8.10 mCi) was obtained. The radiochemical purity 
was examined by reversed-phase HPLC using the conditions described below:
Column: p-Bondapak C-18 300 x 3.9 mm
Solvent: A - acetonitrile
B - 0.5% v/v aqueous trifluoroacetic acid 
Flowrate: 2 ml min'*
Gradient: Initially 25% A increasing to 85% A over 10 minutes and
then held at 85% A for 5 minutes.
Temperature: 40°C
Detection: UV - 254 nm
Radioactivity - 0.55 ml homogeneous flowcell, Monoflow-2 
at 6  ml min ’.
The radiochemical purity was found to be 70.0% there being two more polar 
impurities at the 5% and 19% levels.
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5.3.8 HPLC Purification of pH] FPL 68270XX
The whole of the crude pH]FPL 68270XX (93.4 mg, 8.1 mCi) was dissolved in 
acetonitriie/2 .0% w/v aqueous ammonium acetate, 1:1 by volume (15 ml) and 
purified by preparative HPLC using the conditions described below:
Column: Dynamax C-18 300 x 21.4 mm
Solvent: acetonitrile/2.0% w/v aqueous ammonium acetate, 3:7 by
volume
Flowrate: 22.5 ml min'^
Detection: UV - 254 nm; 2 p volume 1, 0.5 mm pathlength flowcell
Initial injections of 0.7 ml (4 mg) and 1.4 ml (8  mg) were made and the fraction 
containing the desired product, collected each time. HPLC examination of the 
two fractions using the conditions described previously revealed the presence of 
a more polar impurity at the 10% level. This was somewhat surprising as 
comparision of the analytical and preparative traces would have led us to expect 
complete removal of this particular impurity. However, the remaining crude 
solution was purified in a further 10 injections of approximately 1.4 ml each.
The fraction containing FPL 68270XX was collected each time and the 
acetonitrile removed under reduced pressure. The aqueous solution was 
acidified with concentrated hydrochloric acid and the acidified solution extracted 
with chloroform/wo-propanol, 1:1 by volume (3 x 100 ml). The organic solvent 
was removed under reduced pressure and the resulting oil azeotroped with 
ethanol (2 x 2  ml) followed by hexane (2  ml) to afford a tan-coloured solid. 
After drying under vacuum, a total of 48.2 mg of pH]FPL 68270XX was 
obtained (85.5 pCi mg'*, total radioactivity = 4.12 mCi). The radiochemical 
purity was examined using the reversed-phase HPLC conditions described 
previously and was found to be 90.3%.
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5.3.9 Recrystallisation of pHJFPL 68270XX
The whole of pH]FPL 68270XX (48 mg) was dissolved in methanol («3.5 ml) 
with the aid of heat and the resulting yellow solution allowed to cool slowly to 
room temperature and then placed in an ice-bath. The resulting white crystals 
were filtered and dried under vacuum to yield 22.6 mg of pH]FPL 68270XX 
(105.1 pCi mg'*, total radioactivity = 2.38 mCi); the mother liquors were 
reduced to dryness to afford a further 21.8 mg of pH]FPL 68270XX (60.7 pCi 
mg'*, total radioactivity = 1.32 mCi). The radiochemical purity of the two 
batches was determined by reversed-phase HPLC and was found to be 99.1% 
and 61.2% respectively. The more polar impurity which had not separated 
during preparative HPLC accounted for only 0.4% of the total radioactivity in 
the crystalline product whilst in the mother liquors it accounted for 37.6% of the 
total radioactivity.
*H-NMR:- Ô 0.85 (3H, t, CH3), 1.46 (2H, sext. CHJ, 2.44 (2H,
(500 MHz, (C % )2S0 ) t, CH2), 3.74 (3H, 5 , OCH3), 5.21 (2H, br s, NCH^),
5.80 (IH, d, H J, 5.85 (IH, d, HJ, 7.00-7.06 (4H, 
ab-quart., H ^ /H /H J ,  7.53 (IH, d, HJ, 7.57 (IH, 
d, HJ, 7,65 (IH, c/, H J, 7.67 (IH, ^  HJ.
"*H-NMR:- Ô 5.84 (52% HJ, 5.89 (9% ^H, HJ, 7.10 (28%
(533.5 MHz, (C % )2S0 ) %  H^/HJ, 7.69 (11% %  HJ.
A sample of the mother liquors was also submitted for NMR analysis to try and 
identify the polar impurity. In addition to the signals due to FPL 68270XX in 
the *H- and ^H-NMR spectra, the following additional signals were observed:-
*H-NMR:- Ô 0.85 (3H, r, CHJ, 1.57 (2H, q, CH^), 2.40 (2H, t,
(500 MHz, (C % )2SO) CHJ, 3.72 (3H, CHJ, 5.71 (IH, d, HJ, 5.84 (IH,
-y, HJ.
"H-NMR:- Ô 5.73 and 5.88.
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This data is consistent with the following structure for the unknown impurity;-
O
H
5.3.10 NOE experiment to confirm positions of tritium incorporation on 
pyridinone ring of pH] FPL 68270XX
A series of NOE experiments were performed to confirm the assignments of the 
two protons on the pyridinone ring. Irradiation of the signal at ô 5.85 led to 
enhancements of the signals at 8  0.85, 1.46, 2.44 and 3.74. Irradiation of the 
signal at 8 5.80 gave rise to an enhancement of the signal at 8  3.74. Finally, 
irradiation of the a-methylene signal of the propyl side chain at 8  2.44 led to 
enhancements in the signals at 8  0.85, 1.46, 5.21 and 5.85.
5.84
t ♦ t LBPT
5.80
BPT 2.44 ^  BPT
This experiment confirmed that the signal furthest upfield of the pyridinone pair 
of protons was due to H .^
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5.3.11 Deuteriation of FPL 68227AA
H
N - N H
H
2H
N - N H
FPL 68227AA (5 mg, 0.010 mmol), rhodium chloride trihydrate (1.26 mg,
0.005 mmol), deuterium oxide (99.8% atom abundance; 5 jiil, 0.280 mmol) and 
A(A^-dimethylformamide (50 jLil) were placed in a 100 pi Reactivial which was 
sealed and heated at 105“C for 18 hours. After allowing the vial to cool, the 
reaction mixture was diluted with 50% v/v aqueous ethanol (2 ml) and the 
precipitated rhodium metal removed by filtration. The solvent was removed 
under reduced pressure to leave an oil which was redissolved in aqueous ethanol 
(2  ml) on two further occasions, the solvent being removed each time to finally 
leave a dark brown/black solid. TLC in ethyl acetate/zjo-propanol/water, 10:7:6 
by volume revealed a bright blue fluorescent spot corresponding to the desired 
product plus a non-fluorescent spot at the baseline.
MS (FAB):- 
‘H-NMR:-
(360 MHz, (C%)zSO)
M + H cluster at 486, 487 (most abundant), 488, 489 
Atom % abundance calculated for 5 positions = 
16.9%.
Very broad signals were observed at the expected 
chemical shifts for the compound. Once again the 
broadening is due to the presence of paramagnetic 
species in the sample. Evidence of deuterium 
incorporation in the pyridinone ring and the para- 
disubstituted phenyl ring.
5.3.12 Tritiation of FPL 68227AA
134
N —N H
HI
m
N - N H
m
FPL 68227AA (19.5 mg, 0.040 mmol), rhodium chloride trihydrate (2.7 mg,
0.01 mmol), tritium oxide (90 mCi mmol '; 20 |il, 100 mCi, 1.11 mmol) and 
A^A-dimethylformamide (200 ^1) were placed in a 300 pi Reactivial which was 
sealed and heated at 105“C for 18 hours. The vial was allowed to cool and the 
contents were diluted with 50% v/v aqueous ethanol (5 ml); no rhodium metal 
had precipitated. Removal of the solvent under reduced pressure afforded a dark 
brown oil which was azeotroped with three further portions of aqueous ethanol 
(5 ml) followed by ethanol ( 2 x 5  ml) to ensure complete removal of any labile 
tritium. The sample was taken up in 50% aqueous ethanol (5 ml) and the 
radioactive concentration determined by liquid scintillation counting and found 
to be 51.5 pCi ml ' (total radioactivity = 258 pCi). TLC in ethyl acetate/r^-o- 
propanol/water, 10:7:6 by volume followed by radiochiomatogram scanning 
revealed that 37% of the total radioactivity was associated with free FPL 
68227XX and 58% with material at the baseline.
The solvent was removed from the crude tritiated sample which was dissolved in 
0.5% w/v aqueous ammonium acetate (2 ml) and purified by preparative HPLC 
in approximately 10 equal injections using the conditions described below:
Column:
Solvent:
Dynamax C-18 250 x 4.6 mm
acetonitrile/0.5% w/v aqueous ammonium acetate, 1:4 by 
volume
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Flowrate: 1 ml min'*
Detection: UV - 254 nm
The fraction containing FPL 68227 was collected each time, pooled and the 
solvent removed under reduced pressure to leave the purified product. Methanol 
(1 0  ml) containing concentrated hydrochloric acid (0 .2  ml) was added and the 
solvent removed under reduced pressure to leave an oil. Azeotroping with 
ethanol followed by trituration with hexane afforded a slightly sticky, off-white 
solid, which after drying under vacuum, yielded 5.4 mg of pHjFPL 68227AA 
(total radioactivity =39.8 pCi). The radiochemical purity was determined using 
the reversed-phase HPLC conditions described earlier and was found to be 
8 6 .1%, there being a number of less polar impurities present.
The entire sample was dissolved in water (2 ml) and extracted with 
dichloromethane (2 ml). The organic layer was separated and the aqueous layer 
re-examined by HPLC which confirmed an increase in the radiochemical purity 
to 91.0%. A second extraction with dichloromethane improved the 
radiochemical purity further still, to 93.7%. Removal of the solvent under 
reduced pressure afforded 2.55 mg of fH]FPL 68227AA (total radioactivity =
32,5 pCi). Re-evaluation of the radiochemical purity using reversed-phase 
HPLC gave a value of 92.6% whilst examination using TLC in ethyl acetate/wo- 
propanol/water, 10:7:6 by volume showed the purity to be approximately 96%.
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5.4 Experimental for Intramolecular Radical Transfer Processes
5.4.1 Analytical Conditions
Gas chromatography was performed using a DB5 wide-bore 15 m capillary 
column using helium as the carrier gas at a flowrate of 5 ml m in'. The
following temperature gradient was used: hold at 90®C for 1 minute then
increase at the rate of 15°C per minute to 300°C and hold for a further 4 
minutes.
5.4.2 Synthesis of (2-bromophenyl)chlorodimethylsilane
\ /Br / s .  .S i. ,i)BuLi,-110°C Cl
Dibromobenzene (9.44 g, 40 mmol) was placed in a dry 3-necked round- 
bottomed flask and anhydrous tetrahydrofuran/diethyl ether, 1:1 by volume (360 
ml) was added and the flask purged with dry nitrogen gas. The solution was 
stirred and cooled to -110°C using a liquid nitrogen/ethanol cooling bath. The 
temperature was monitored with a thermocouple which had previously been 
calibrated using liquid nitrogen (-195°C) and cardice/ acetone (-78®C). «-Butyl- 
lithium (2.26 M solution in hexanes; 17.7 ml, 40 mmol) was added slowly over 
15 minutes, maintaining the temperature at -110°C. The reaction was stirred for 
a further 30 minutes at this temperature, after which time dichlorodimethylsilane 
(7.74 g, 7.28 ml, 60 mmol) was added rapidly. The reaction mixture was 
allowed to warm slowly to room temperature.
The tetrahydrofuran/diethyl ether was distilled off at atmospheric pressure under 
nitrogen to afford a white solid plus an oil. The oil was transferred to a 100 ml 
round-bottomed flask with the aid of a pipette and the solid washed with a small 
portion of anhydrous tetrahydrofuran (2 ml) which was added to the flask. The
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oil was distilled under vacuum and the fraction distilling at 86-94°C/3 mm Hg 
collected (no other material distilled other than tetrahydrofuran) to yield (2 - 
bromophenyl)chlorodimethylsilane (6.163 g; yield = 61.7%).
GC:-
MS (probe):-
^H-NMR:-
(360 MHz, C'HClg)
Retention time, 6.63 min.; 88.9%
M+ 248/250; B \  91.
Ô 0.81 (6H, s , 2 x  CH3), 7.26 (IH, sext., arom.-H), 
7.34 (IH, t, arom.-H), 7.54 (IH, d, arom.-H), 7.76 
(IH, arom.-H).
5.4.3 Synthesis of (2-bromophenyl)dimethyl(3-phenylpropoxy)sUane
OH
+ imidazole
\
3-Phenylpropan-1 -ol (272 mg, 2.00 mmol) and imidazole (299 mg, 4.4 mmol) 
were dissolved in dichloromethane (15 ml) and (2 -bromophenyl)chlorodimethyl- 
silane (549 mg, 2.20 mmol) was added dropwise over 5 minutes whilst stirring; 
the reaction was stirred for a further 2 hours at room temperature. The organic 
solution was washed with water (2  x 2 0  ml) and dried over anhydrous 
magnesium sulphate, filtered and the solvent removed under reduced pressure to 
afford an oil (759 mg). TLC in wo-hexane/diethyl ether, 9:1 by volume 
revealed one major, less polar product plus a trace of the phenylpropanol 
starting material.
GC:-
MS (El):-
Retention time, 13.54 min.; 78.3% 
m/e 333/335 (M+ - 15); 118.
The sample was purified by flash chromatography eluting with ijo-hexane/ 
diethyl ether, 99:1 by volume. Fractions (approximately 20 ml) were collected
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and examined by TLC developed using the same composition mobile phase. 
Fractions 22-27 were combined and the solvent removed under reduced pressure 
to afford (2-bromophenyl)dimethyl(3-phenylpropoxy)silane (438 mg; yield = 
63%).
GC:-
MS (EI):- 
’H-NMR
(360 MHz, C^HClg)
Retention time, 13.52 min.; 92.3% 
m/e 333/335 (M+ - 15); 118.
Ô 0.49 (6H, s, 2 X CH3), 1.92 (2H, sext., 
CH2ÇH2CH2), 2.72 (2h, t, PhCH^), 3.71 (2H, t, 
CH2OH), 7.17 - 7.32 (7H, mult., Ph + 2 x arom.-H), 
7.52 (IH, q, arom.-H), 7.58 (IH, q, arom.-H).
5.4.4 Synthesis of dlmethylphenyl(3-phenylpropoxy)silane
OH
+
V‘Cl imidazole
\
3-Phenylpropan-1 -ol (272 mg, 2.00 mmol) and imidazole (299 mg, 4.4 mmol) 
were dissolved in dichloromethane (15 ml) and chlorodimethylphenylsilane (549 
mg, 2 .2 0  mmol) was added dropwise over 2  minutes whilst stirring; the solution 
initially went cloudy and a white precipitate formed. The reaction was stirred 
for a further 2 hours at room temperature. A further portion of dichloromethane 
(1 0  ml) was added to the organic solution which was then washed with water (2  
X 20 ml) and dried over anhydrous magnesium sulphate, filtered and the solvent 
removed under reduced pressure to afford an oil (573 mg). TLC in iso- 
hexane/diethyl ether, 9:1 by volume revealed one major, less polar product plus 
a trace of the phenylpropanol starting material.
GC:-
MS (El):-
Retention time, 11.29 min.; 74.4% 
No M \ m/e 255 (M-15); 118.
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The crude sample was purified by flash chromatography on a silica gel column 
(25 X 2 cm) eluting with wo-hexane/diethyl ether, 98:2 by volume. Fractions 
(approximately 20 ml) were collected and analysed by TLC in zi'o-hexane/diethyl 
ether, 19:1 by volume and those containing the desired product were combined 
(fractions 13 - 17) and the solvent removed under reduced pressure to afford 
dimethylphenyl(3-phenylpropoxy)silane (220 mg; yield = 41%).
GC:- Retention time, 11.03 min.; 95%
MS (El):- No MT, m/e 255; 118.
‘H-NMR:- Ô 0.38 (6H, .s, (CH3)2Si), 1.84 (2H, ww/r.,
(360 MHz, C'HClg) PhCHoCH^CHo), 2.65 (2H, t, PhCH.CH.CH^), 3.62
(2H, t, PhCHoCHoCH.), 7.14 (3H, t, arom.-H), 7.23 
(2H, q, arom.-H), 7.37 (3H, mult., arom.-H), 7.58 
(2H, mult, arom.-H).
5.4.5 Synthesis of diniethylphenyl(3-phenyl[G-^H]propoxy)silane
2H
Br
\  AIBN i X X "  \
(2-Bromophenyl)dimethyl(3-phenylpropoxy)silane (174.5 mg, 0.5 mmol) was 
divided, equally between two 5 ml Reactivials and to each vial was added 
azobisisobutryonitrile (4.1 mg, 0.025 mmol), tri-«-butyltin deuteride (97% atom;
87.6 mg, 0.3 mmol) and toluene (5 ml). The vials were sealed and heated at 
80°C for 18 hours. TLC in wo-hexane/diethyl ether, 98:2 by volume revealed 
only a trace of the bromophenyl starting material, the main spot corresponding 
to the desired product.
The toluene solution was poured into water (25 ml) and extracted with 
dichloromethane (2 x 25 ml) and the extracts combined, dried over anhydrous
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magnesium sulphate, filtered and the solvent removed under reduced pressure to 
afford the crude product as a pale yellow oil (358 mg). Flash chromatography 
on silica gel eluting with wo-hexane/diethyl ether, 98:2 by volume afforded the 
pure dimethylphenyl(3-phenyl[G-^H]propoxy)silane as a clear, water-white oil 
(64 mg; yield = 75%).
GC;-
MS (probe)
'H-NMR :- 
(360 MHz, C^HClg)
Retention time 11.26 min.; 88.3%
No M+; m/e 255/256 (M-15); 118/119.
% deuteriated species present = 82%
Ô 0.38 (6H, j, (CH3)2Si), 1.86 (1.91H, mult, 
PhCHoCH^CH,; 12% "H), 2.68 (1.76H, t, 
PhCH,CH,CH,; 25% %), 3.62 (1.52H, 
PhCHXH.CHo; 43% ^H), 7.14 (3H, mult, arom.-H),
7.25 (2H + solvent, t, arom.-H), 7.37 (3H, mult, 
arom.-H), 7.58 (1.83H, mult., arom.-H; 20% ^H).
5.4.6 Synthesis of 3j8-(2-bromophenyldimethylsilyloxy)-5-cholestene
ÎBr OH O
Cholesterol (773.4 mg, 2 mmol) and imidazole (299 mg, 4.4 mmol) were 
dissolved in dichloromethane (15 ml) and (2 -bromophenyl)chlorodimethylsilane 
(549 mg, 2 .2  mmol) was added dropwise over five minutes with stirring; the 
reaction was stirred for a further four hours. The reaction mixture was poured 
into water (1 0  ml) and the organic layer separated and the aqueous layer 
extracted with a further portion of dichloromethane (10 ml). The organic 
extracts were combined and washed with water (2  x 2 0  ml), dried over
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anhydrous magnesium sulphate, filtered and the solvent removed under reduced 
pressure to afford the crude 3p-(2-bromophenyldimethylsilyloxy)-5-cholestene as 
a white solid (1221  mg).
The crude product was purified by flash chromatography eluting with iso- 
hexane/diethyl ether, 99:1 by volume. Fractions (approx. 20 ml) were collected 
and those containing the desired product (fractions 6-9) were combined and the 
solvent removed under reduced pressure to yield the pure product (964 mg; yield 
= 80%).
MS (FAB):- 
•H-NMR
(360 MHz, C 'H C y
M  ^ 598/600; 91.
Ô 0.50 (6H, .s, (CH3)2Si), 0.67 (3H, 5, CH3), 0.86 
(6H, 2 x d ,  (CHO,CH), 0.93 (3H, 4  CH3), 0.98 (3H, 
5, CH3), 3.61 (IH, mult, HOÇH), 5.29 (IH, d, 
=CH), 7.19-7.32 (2H, 2 x t, arom.-H), 7.52 (IH, d, 
arom.-H), 7.62 (IH, q, arom.-H); partial assignment 
only.
5.4.7 Synthesis of 3^-(2-phenyldimethylsilyloxy)-5-cholestene
HO
O
o
Cholesterol (773 mg, 2 mmol) and imidazole (299 mg, 4.4 mmol) were 
dissolved in dichloromethane (15 ml) and chlorodimethylphenylsilane (376 mg,
2.2 mmol) was added dropwise over two minutes whilst stirring. The solution 
became cloudy and a white precipitate was formed. After stirring for a further 
two hours, the solution was diluted by the addition of dichloromethane (1 0  ml)
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and the organic solution washed with water (2  x 2 0  ml), dried over anhydrous 
magnesium sulphate, filtered and the solvent removed under reduced pressure to 
afford the crude product as a waxy solid (852 mg; crude yield = 82%).
MS (El):. M+, 520; B", 369.
5.4.8 Synthesis of [3a-^H]-3/3-(2-phenyldimethylsilyIoxy)“5-cholestene
Br
3p-(2-Bromophenyldimethylsilyloxy)-5-cholestene (300 mg, 0.5 mmol) was 
divided equally between two 5 ml Reactivials, together with azobisiso- 
butyronitrile (8.2 mg, 0.05 mmol; 4.1 mg per vial) and tri-w-butyltin deuteride 
(97% atom, 175.2 mg, 0.6 mmol; 87.6 mg per vial). Toluene (5 ml) was added 
to each Reactivial which were then sealed and heated at 80°C for four hours. 
TLC in wo-hexane/diethyl ether, 98:2 by volume revealed some starting material 
still present plus a more polar product corresponding to the authentic standard. 
After a further 20 hours at 80°C, TLC revealed the reaction was only about 60- 
70% complete and so a further portion of tri-«-butyltin deuteride (87 mg) and 
AIBN (4 mg) was added to each vial which were resealed and heated for a 
further 4 hours.
TLC now showed the reaction to be complete and so the contents were poured 
into water (20 ml) and extracted with dichloromethane (2 x 20 ml). The organic 
extracts were combined and the solvent removed under reduced pressuie to 
afford the crude product as an oil (6 8 6  mg).
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MS (El):- 520/521; sample contaminated with Sn.
 ^H-NMR The  ^H-NMR spectrum was essentially identical to
(360 MHz, C^HCl^) that of an authentic standard of cholesterol with one
exception. The signal due to the proton at C-3 was 
split giving rise to signals at ô 3.52 and 4.14 due to 
the presence of epimers in the ratio of approximately 
4:1
5.4.9 Synthesis of [3a-^H] cholesterol
Q
o HO 2R
[3a-^H]-3p-(2-Phenyldimethylsilyloxy)-5-cholestene (6 8 6  mg) was dissolved in 
dioxan (4 ml) containing hydrochloric acid (IM, 0.5 ml) and placed in a 5 ml 
Reactivial which was sealed and heated at 80°C for four hours. TLC in iso- 
hexane/ethyl acetate, 9:1 by volume revealed no starting material remaining 
there being a UV-absorbing spot which was presumably the silanol. After 
dipping the plate in phosphomolybdic acid and heating at ca. 100°C, an 
additional spot became visible corresponding to an authentic standard of 
cholesterol.
The reaction was diluted with water (25 ml) and extracted with dichloromethane 
(2 X 25 ml). The organic extracts were combined and washed with water (25 
ml), dried over anhydrous magnesium sulphate, filtered and the solvent removed 
under reduced pressure to leave an oil, which on standing partially crystallised to 
yield the crude [3a-^H]-3p-cholesterol (569 mg). The whole sample was 
dissolved in a minimum volume of hot methanol and allowed to cool slowly to 
room temperature; a white crystalline solid appeared and the mother liquors
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were removed using a Pasteur pipette. The solid was recrystallised a second 
time from methanol to afford a sample of [3a-^H]-3p-cholesterol (40 mg). The 
two mother liquors were combined and reduced to dryness to afford a further 
batch of crude product (479 mg). TLC of the crystalline product revealed the 
presence of a very non-polar UV-absorbing impurity, in addition to cholesterol.
MS (probe):- 
‘H-NMR
(360 MHz, C'HCla)
M ,^ 386/387; % deuteriated species present == 79% 
The 'H-NMR spectrum was essentially identical to 
that of an authentic standard of cholesterol with two 
notable exceptions. The signal due to the proton at 
C3 was split giving rise to signals at ô 3.52 and 4.14 
due to the presence of epimers. Comparison of the 
relative intensities of these two signals indicates that 
the [3p-^H]epimer accounts for approximately 7% of 
the product obtained; this assumes that each epimer 
has labelled equally and confirms that the 3-position 
is approximately 60% deuteriated. Similarly, the 
signal due to the proton at Cg is split.
H O
2H
2H
H
Residual *H at 5 3.52 and sp^ 'H at ô 5.35 
Residual ‘H at 6 4.14 and sp^ ’H at ô 5.27
O H  H
5.4.10 Purification of [3a-^H] cholesterol
HO 2H
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The whole of [3a-^H]cholesterol (479 mg) was dissolved in wo-hexane/ethyl 
acetate, 4:1 by volume and purified by flash chromatography using a silica 
column (20 x 2 cm) eluting with the same composition mobile phase. Fractions 
(approximately 20 ml) were collected and analysed by TLC which revealed two 
closely running components. Fractions 13-16 were combined to afford 79 mg of 
a white oily solid, whilst fractions 17-37 were combined to afford 116 mg of a 
white solid. TLC of the two materials revealed the first to be approximately a 
3:1 mixture of the [3a-^H] and [3p-^H]cholestérols, whilst the second was 
essentially one spot. The whole of the second product was recrystallised from 
methanol to afford 10 mg of pure [3a-^H]cholesterol.
[3a-^H]/[3p-2H] mixture:-
MS (El):- 386/387; % deuteriated species present = 79.6%
’H-NMR :- Comparison of the relative intensities of the
(360 MHz, C^HClg) alkene proton indicates that the sample is a mixture
of [3a-^H] and [3p-^H] in a ratio of 3:1, The 
residual proton intensities at C-3 cannot be used as 
there is an interfering solvent signal for one of the 
epimers.
Recrystallised [3a-^H]cholesterol:- 
MS (probe):- M \ 386/387;
% deuteriated species present = 80.2%
H-NMR :- Spectrum is comparable with that obtained for an
(500 MHz, C^HClj) authentic sample.
^H-NMR :- Ô 1.50 (2-axial position, 2.7%), 1.83 (2-equatorial
(76.8 MHz, C^HCl]) position, 4.6%), 2.20 (4-axial & 4-equatorial
positions, cannot be differentiated, 13.7%), 3.50 (3- 
axial position, 79.0%).
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"C-NMR
(125.8 MHz, C^HCy
C-1 signal C-1 + ^H-1 37.26, C^-signal C-2 + ’H-2 31.68, 5
C-1 + %-2 37.16, 5 C-2 + %-4 31.66, s
C-2 + %-3 31.57,5
C-2 + %-2 31.28, t
C-3 signal C-3 + ^H-3 71.80,5 C-4-signal C-4 + ^H-4 42.32, 5
C-3 + 2H-2/4 71.76, 5 C-4 + 2R-3 42.21, 5
C-3 + %-3 71.33, t C-4 + ^H-4 41.93, t
5.4.11 Assignment of H- and "C-NMR spectra of cholesterol
HO
'H-NMR
(500 MHz, C^HClj)
5 0.68 (3H, s, H-18), 0.86 & 0.87 (6 H, 2 x d, H-26
6  H-27), 0.91 (3H, d, H-21), 0.94 (IH, mult., H-9),
0.98 (IH, mult., H-20), 1.01 (3H, j, H-19), 1.05 
(IH, mult., H-14), 1.10 (2H, t, H-1), 1.12 (IH, mult., 
H-17), 1.10 - 1.20 (6H, mult., H-12, H-15, H-24),
1.25 (IH, t, H-16), 1.30 - 1.40 (3H, mult., H-15, H- 
22), 1.40 - 1.60 (8H, mult., H-2, H-7, H-8 , H-11, H- 
23, H-25), 1.79 - 1.87 (3H, mult., H-1, H-6 , H-16), 
1.95 (IH, mult., H-7), 2.01 (IH, mult., H-12), 2.20 - 
2.31 (2H, mult., H-4), 3.52 (IH, sept., H-3), 5.35 
(IH, t, H-6 ).
‘^ C-NMR
(125.8 MHz, C^HCy
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ô 11.86, C-18; 18.72, C-21; 19.39, C-19; 21.09, C- 
11; 22.55, C-26; 22.81, C-27; 23.83, C-15; 24.29, C- 
23; 28.00, C-25; 28.22, C-16; 31.67, C-2; 31.91, C-1 
& C-8 ; 35.78, C-20; 36.20, C-22; 36.50, C-10;
37.26, C-1; 39.52, C-24; 39.79, C-12; 42.31, C-4 & 
C-13; 50.15, C-9; 56.17, C-17; 56.77, C-14; 71.78, 
C-3; 121.69, C-6 ; 140.77, C-5.
5.4.12 Synthesis of l l “(2-bromophenyldimethylsilyloxy)FPL 50670-diethyl ester
COOEt COOEt
O H
Etc D C
Br
Etc D C
FPL 50670-diethyl ester (524 mg, 1 mmol), imidazole (250 mg, 3.7 mmol) and 
dichloromethane (2 0  ml) were suspended/dissolved, with the aid of stirring, and 
(2-bromophenyl)chlorodimethylsilane (350 mg, 1.4 mmol) was added dropwise. 
The suspended solid gradually dissolved during the addition to afford a clear 
solution, however, soon after a white crystalline solid began to form towards the 
end of the addition. After 6 hours, TLC in ethyl acetate//50-hexane, 3:1 by 
volume revealed one major less polar product. A further portion of the 
chlorosilane (350 mg, 1.4 mmol) was added and the reaction stirred for a further 
two hours. TLC revealed approximately 10-20% of starting material remaining.
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The reaction mixture was poured into 10% v/v aqueous hydrochloric acid (50 
ml) and the organic layer separated and washed with water (2 x 50 ml), dried 
over anhydrous magnesium sulphate, filtered and the solvent removed under 
reduced pressure to afford 1.162 g of crude product as a waxy solid. 
Purification by flash chromatography, eluting with ethyl acetate/wo-hexane, 1:1 
by volume afforded, after drying under vacuum, 498 mg of pure product as a 
slighty sticky white solid (yield = 67.6%).
MS (FAB):-
^H-NMR:-
(360 MHz, C^HCls)
Elemental analysis:-
M+H, 737/739; B+, 273.
Ô 0.58 (6H, 5, Me^Si), 1.41 (6H, f, 2 x CH^CH,), 
4.43 (4H, q , 2 x  CH,CHo). 4.43-4.71 (5H, 3 x mult., 
0CH2CH(0Si)CH20), 6.91 (2H, 5, 3-H), 6.98 &
7.10 (2H, 2 x d ,  6 -H & 8-H), 7.17 (2H, mult, arom. 
H), 7.46 (IH, mult, arom.-H), 7.57 (2H, t, 7-H), 
7.61 (IH, mult, arom.-H).
Required for C^gH^gBrOnSi - C, 56.99%; H, 4.51%. 
Found C, 56.95%; H, 4.79%.
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CORRIGENDA
Page 2, para. 2, line 14 - Should read "than".
Page 12, pai*a. 1, line 2 - Should read "have".
Page 25, para. 3, line 10 - Should read "lead".
Page 26, para. 3, line 5 - "PrC=CH" should read "PrC=C"
Page 36, para. 2, line 4 - Should read "precursors"
Page 79, para. 1, line 9 - Should read "AB quartet"
Page 109, para. 1 - Last sentence should read "GC revealed that only 20% of
the desired product had been formed after this time, 
whilst the MS determination of the atom % abundance of 
deuterium in the product was 71%."
Page 132, para. 1, line 1 - Should read "These dat^'.
Page 139, para, 2, line 3 - Should read "azobisisobutyronitiile"
Salt code convention used at Fisons
Compound numbers at Fisons aie assigned a suffix code to indicate salt type. The 
suffix XX indicates that there is no specific salt form associated with the molecule 
whilst the suffix AA indicates that it exists as the monohydrochloride salt. There are 
many other salt codes covering a wide variety of salt foims.
